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CHAPTER 1

INTRODUCTION

In the first section of this chapter, a brief description of the publications
published during my study as a graduate student at the University of Alabama in
Huntsville is presented.
The purpose of this work is to improve our understanding about the structure
of shock waves in the heliosphere and the very local interstellar medium when they
are mediated by energetic particles. In the second section, an introduction about the
basic physics of shock waves is presented. Different regions of the heliosphere and the
very local interstellar medium (VLISM) are then introduced observations that areb
made by spacecraft (such as Voyager 1 and 2, New Horizon, Ulysses) in these regions
are presented. We then introduce the “Interstellar Probe” which is the next possible
NASA mission to the interstellar medium and it is planned to reach 1000 au in 50
years.
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1.1

Description of Publications During the Course of My PhD

I have collaborated with some colleagues during the last few years as a graduate
student of Prof. Gary P. Zank. A brief description of papers on which I am an author
or coauthor is listed below:
1) In Zank et al. 2014 (ApJ paper) titled “Pickup Ion Mediated Plasmas. I.
Basic Model and Linear Waves in the Solar Wind and Local Interstellar Medium”, we
showed that pickup ions (PUIs) are not equilibrated with the background plasma in
the supersonic solar wind region beyond 10 AU, the inner heliosheath (IHS), and the
VLISM. We derived a closed system of multi-fluid equations for a plasma comprised
of nonthermal PUIs and thermal electrons and protons that is called a PUI-mediated
plasma model. This model is the basis for much of the work in this thesis.
2) In Zank et al. 2015 (a refereed proceeding paper) titled “Plasma Physics
of the Very Local Interstellar Medium”, we focused on the VLISM. The PUIs in the
VLISM are not equilibrated with the background plasma and therefore this medium
is a PUI-mediated plasma. We derived the anomalous heat flux associated with
nonthermal PUIs. We then investigated waves in a PUI mediated VLISM plasma
and showed that PUIs are likely effective at damping waves in the VLISM.
3) In Zank et al. 2015 (ApJ paper) titled “Diffusive Shock Acceleration and
Reconnection Acceleration Process”, we considered a combination of diffusive shock
acceleration (DSA) and downstream magnetic-island-reconnection-related processes
as an energization mechanism for charged particles. A transport theory for charged
particles propagating diffusively in a turbulent region filled with contracting and re-
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connecting plasmoids and small-scale current sheets was developed in this paper. We
showed that the observations of Voyager 2 downstream of the heliospheric termination
shock (HTS) supports our theory of particle acceleration mechanism that combines
both DSA and magnetic-island-reconnection related processes.
4) In Zank et al. 2016 (a refereed proceeding paper) titled “Particle Acceleration by Combined Diffusive Shock Acceleration and Downstream Multiple Magnetic
Island Acceleration”, we derived a transport theory for charged particles propagating
diffusively in a turbulent region filled with contracting and reconnecting plasmoids
and small-scale current sheets to investigate a combined DSA and downstream multiple magnetic island charged particle acceleration mechanism.
5) Zank et al. 2016 (a refereed proceeding paper) titled “The Modeling of
Pickup Ion or Energetic Particle Mediated Plasmas” showed that solar energetic particles (SEPs) do not equilibrate collisionally with the background solar wind in the
inner heliosphere. We used a collisionless Chapman-Enskog expansion and derived
a closed system of multi-component equations for a plasma comprised of thermal
protons and electrons, and suprathermal particles such as SEPs or PUIs. A simpler
single-fluid MHD-like system of equations with distinct equations of state for both
the suprathermal particles and the background plasma was also derived.
6) In Zank et al. 2016 (a refereed proceeding paper) titled “Particle acceleration and reconnection in the solar wind”, we discussed the acceleration of charged
particles in a “sea of magnetic islands” in a super-Alfvenic flow in the supersonic solar
wind, and the energization of particles by combined DSA and downstream magnetic
island reconnection processes.
3

7) Mostafavi et al. 2016 (a refereed proceeding paper) titled “Pickup Ion
Mediated Plasmas: Shock Wave Structure” extended the cosmic ray modified plasma
model presented by Axford et al. (1982). In this paper, we added the collisionless
viscosity term associated with energetic particles and showed that there is no need
to add any gas sub-shock when the viscosity associated with energetic particle is
included.
8) In Mostafavi et al. 2017 (ApJ paper) titled “structure of Energetic Particle
Mediated Shocks Revisited”, we showed that energetic particles contribute both a
collisionless heat flux and a higher-order viscosity and the incorporation of both effects
can completely determine the structure of collisionless shocks mediated by energetic
particles. We showed that the presence of viscosity eliminates the need for a gas
sub-shock in the classical cosmic ray two-fluid model. We also studied and analyzed
waves in the context of an energetic particle mediated plasma in the absence of a
magnetic field.
9) In Mostafavi et al. 2017 (a refereed proceeding paper) titled “Shock Wave
Structure in the Presence of Energetic Particles”, we used our PUI-mediated plasma
model and by considering parameters upstream of the HTS, we showed that the
thermal gas remains relatively cold and the shock is mediated by PUIs. We considered
the inclusion of the thermal heat flux and viscosity to address the most general form
of an energetic particle-thermal plasma two-fluid model. We explained the numerical
model that we have used to solve the general case.
10) Mostafavi & Zank 2018 (ApJ Letters paper) titled “The Structure of Shocks
in the Very Local Interstellar Medium” presented a model that studied shock waves
4

in the VLISM. We showed that the VLISM is collisional with respect to the thermal plasma, and that the thermal collisions introduce dissipative terms such as heat
conduction and viscosity. We found that the structure of the extremely broad 2012
VLISM shock was determined by thermal proton-proton collisions.
11) In Mostafavi & Zank 2018 (a refereed proceeding paper) titled “The Evolution of Interplanetary Shocks Propagating in to the Very Local Interstellar Medium”,
we modeled the first VLISM shock observed by Voyager 1 and compared with observations. The result of this paper is that the VLISM shock is controlled by particle
collisions and not mediated by PUIs since they do not introduce significant dissipation through the shock transition. The extreme broadness of the weak VLISM shock
is due to thermal collisionality.
12) In Zank et al. 2018 (ApJ paper) titled “The Pickup Ion Mediated Solar
Wind”, we developed a general theoretical model that incorporates solar wind, PUIs,
the interplanetary magnetic field, and low-frequency turbulence to describe the evolution of the large-scale solar wind, PUIs, and turbulence from 1-84 AU. Then, we
studied the structure of the HTS and the transmission of turbulence into the inner
heliosheath. The theoretical model results were compared directly to corresponding
quantities derived from New Horizon and Voyager 2 data and showed a very good
agreement.
13) Mostafavi et al. 2018 (ApJ paper) titled “The Mediation of Collisionless Oblique Magnetized Shocks by Energetic Particles” introduced a general plasma
model to study the structure of collisionless oblique magnetized shocks mediated by
suprathermal energetic particles. We showed that all shocks with any obliquity (ex5

◦

cept θ = 54.7 ) are completely smooth in the presence of both collisionless heat flux
and viscosity associated with energetic particles. We studied the oblique, parallel,
and perpendicular HTS. On comparing the properties of a parallel and perpendicular
HTS, we found that the parallel HTS has a larger compression ratio and thus heats
the PUIs and thermal gas more than at a perpendicular HTS.
14) In Burlaga et al. 2019 (ApJ paper) titled “A Magnetic Pressure Wave
Upstream of the Heliopause and The Heliosheath Magnetic Fields Plasma, Observed
During 2017”, we showed that the observed magnetic pressure wave by Voyager 1 in
late 2016 is very broad and cannot be the result of the decay of a collisional shock
in the VLISM. This paper also discussed the IHS magnetic field, cosmic rays, and
plasma observed by Voyager 2 during 2017, when the spacecraft was in the distant
IHS, approaching the heliopause.
15) In Mostafavi et al. 2019 (ApJ Letters paper) titled “Effect of Inner Heliosheath Shocks on Energetic Neutral Atom Observations by IBEX”, we modeled IHS
shocks using our PUI-mediated plasma model and showed that they are mediated by
PUIs. This paper showed that the IHS shocks are broad since the diffusion coefficient
associated with PUIs is large. We found that the predicted enhancement of the energetic neutral atom (ENA) flux leads to better consistency with corresponding IBEX
observations when IHS shocks are included in the model.
16) Mostafavi et al. 2019 (a refereed proceeding paper) titled “Pickup ion energization by inner heliosheath shocks and its effect on IBEX energetic neutral atom
(ENA) observations” studied the effect of IHS shocks on the production of energetic
neutral atoms in the IHS. Previous models which do not include IHS shocks underes6

timate the number of ENAs at 1 au. We modeled the ENA flux at 1 au in the Voyager
1 direction by including the IHS shocks and found that the predicted enhancement
of the ENA flux is in a good agreement with corresponding IBEX observations.
17) Webb et al. 2019 (ApJ paper, submitted) titled “Particle Acceleration by
Cosmic Ray Viscosity in Radio-Jet Shear Flows” developed an analytical model for
the acceleration of energetic charged particles due to cosmic ray viscosity and fluid
shear in relativistic jets. The model is an extension of Webb et al (2018).

1.2

Shock Waves

At a sufficiently large scale, a shock wave is a discontinuity in the plasma
variables that separates two different regimes, defined as upstream (unshocked) and
downstream (shocked). It is associated with a “driver” moving faster than the sound
speed of the medium (i.e., moving supersonically). At the shock wave, the properties
of the medium such as the flow density, speed, temperature, and/or magnetic field
change dramatically over a distance shorter than the characteristic scale length of the
medium. The flow speed changes from the supersonic to subsonic.
At the shock itself energy is dissipated and the energy dissipation can be
achieved through particle collisions and/or turbulence/wave-particle interactions. The
entropy is not constant but increases at the shock transition meaning that the process
is irreversible. The dissipation (e.g., viscosity and thermal heat conduction) inside
the shock front leads to the conversion of energy from kinetic energy into heat. When
the plasma is infinitely conductive, the magnetohydrodynamic (MHD) equations that
describe it are called ideal MHD. The assumption of an ideal MHD fluid does not
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allow the incorporation of dissipative effects, hence, ideal MHD can only produce an
infinitesimally thin shock without any structure. However, most shock waves have
structure and this cannot be explained by ideal MHD, and thus we should consider
the dissipation terms. Dissipation terms will be discussed further in Chapter 2.
The strength of a shock can be parametrized by introducing the Mach number,
M , which is defined as the ratio of the upstream component of the flow speed along
the shock normal, U , and the sound speed, vs , in front of the shock (i.e., M = U/vs ).
If the shock moves slightly or much faster than the sound speed in the sun’s frame of
reference, it is called a weak or a strong shock, respectively. The shock compression
ratio is defined as the density ratio across the shock,

r=

ρ2
,
ρ1

(1.1)

where ρ1/2 denotes the upstream/downstream density. For very strong shocks, a very
large pressure jump is expected across the shock. The maximum possible compression
ratio rate for a shock wave in an ideal gas without any energetic particles is rmax = 4.
The compression ratio of a shock with the presence of relativistic energetic particles
only can reach 7.

1.2.1

Classification of Shocks
In the MHD description, there are three characteristic speeds, these being

the Alfvén speed, and the fast and slow magnetoacoustic speed [13]. Five different
kinds of MHD shock waves are possible: fast shocks, slow shocks, and intermedi-
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Figure 1.1: Left: A fast MHD shock wave. The magnetic field is refracted away
from the shock normal, n̂. Right: A slow MHD shock wave. The magnetic field is
refracted toward the shock normal. θ is the angle between the shock normal and the
magnetic field. Subscripts 1 and 2 denote upstream and downstream of the shock.

ate shocks, depending on the speed of the shock relative to the other characteristic
speeds [14]. The intermediate shock, sometimes also called an Alfvén shock, is a noncompressive/dissipative shock and the plasma density thus does not change across
it. The intermediate shocks have not been observed by any spacecraft since they are
unstable. Two basic types of MHD shock waves in space are compressive, fast and
slow mode shocks, and are shown in Figure 1.1. The magnetic field is refracted away
from the shock normal and its strength increases across a fast shock wave. However,
the total magnetic field strength decreases across a slow mode shock wave and the
magnetic field is refracted toward the shock normal. The first fast MHD shock wave
observed in space was studied by Sonett et al. (1964) [15]. The focus of this disserta-
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Figure 1.2: An illustrative example of changes in plasma parameters across a fast
mode shock wave as a function of time in the shock reference frame. Far left corresponds to the upstream state and the far right of the panel shows the downstream
state of the shock wave. The panels from top to bottom are: 1) The magnitude of
the normal flow velocity, Un . 2) The magnitude of the magnetic field, |B|. 3) Particle
thermal pressure. 4) The magnitude of the average temperature. 5) The number
density of particles.

tion is on the fast mode shocks. Figure 1.2 is an illustrative cartoon used to show the
change in plasma parameters across a fast mode shock in the shock reference frame.
The phase speeds of fast and slow mode waves are

vf2ast,slow

s


2
1
1 2
2
2
2
vs + VA − 4vs2 VA2 cos2 θ,
=
v + VA ±
2 s
2
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(1.2)

where the sign + refers to the fast and the − sign to the slow mode wave. The sound
and Alfvén speed are defined as
s
vs =

γP
B
; VA = √
,
ρ
µ0 ρ

(1.3)

respectively, although the sound speed is not a characteristic speed of MHD. Here γ
is the adiabatic index, P the pressure, ρ the density, and µo the permeability of free
space. The phase speed of the intermediate (Alfvén) mode is given by

vi2 = VA2 cos2 θ

(1.4)

Figure 1.3 is the schematic diagram of the phase velocities of the three MHD waves
(fast, slow, and Alfvén waves) as a function of different angles with respect to the
direction of wave propagation. The following relation holds between the various
characteristic speeds,
vslow ≤ VA ≤ vf ast .

(1.5)

For the case of low plasma beta (i.e., VA > vs ) and highly parallel wave propagation,
the Alfvén and fast mode coincide. In this case, the parallel slow mode is the sound
wave. However, when the plasma beta is greater than one (i.e., VA < vs ), for highly
parallel wave propagation, the Alfvén and slow mode coincide and the parallel fast
mode is now the sound wave.
In both fast or slow cases, when a shock wave moves away from the Sun relative
to the solar wind, it is called a forward shock [16]. On the other hand, if a shock
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(a)

(b)

Figure 1.3: Schematic diagram showing the variation of the phase velocities of the
three MHD waves as a function of different angles with respect to the direction of
wave propagation. a: Alfvén speed is greater than the sound speed. Note that for
highly parallel wave propagation, the Alfvén and fast mode coincide. The parallel
slow mode is the sound wave. b: Alfvén speed is smaller than the sound speed. Note
that for highly parallel wave propagation, the Alfvén and slow mode coincide. The
parallel fast mode is now the sound wave.

moves toward the Sun relative to the solar wind, it is called a reverse shock. Figure 1.4
summarizes the four categories of interplanetary shock waves schematically based on
the variation of the proton plasma temperature T , number density of the solar wind
plasma N , plasma speed V and the magnitude of the magnetic field B. We can
see that all the parameters in the fast forward shock case increase from upstream to
downstream while for the fast reverse shock, all parameters decrease except the bulk
speed.
Another definition used to distinguish between different kinds of shock waves
is the shock normal angle (θ, which is the angle between the shock normal vector and
the magnetic field, see Figure 1.1). Shock waves can be classified according to the an-
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Figure 1.4: Solar wind parameter changes for the four types of interplanetary shocks
(i.e., fast forward shock, slow forward shock, fast reverse shock, and slow reverse
shock). This figure is adapted from Echer et al. (2003) [1].

gle θ as: 1) θ = 90◦ represents a perpendicular shock that propagates perpendicularly
to the magnetic field. Note that in a perpendicular shock, the normal component
of the magnetic field vanishes and both magnetic field strength and plasma pressure
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increase at the shock transition. 2) θ = 0◦ represents a parallel shock that propagates
parallel to the magnetic field. Note that at a parallel shock, the magnetic field is
unchanged across the shock. 3) An oblique shock propagates at any angle between 0◦
and 90◦ with respect to the magnetic field. Quasi-parallel and a quasi-perpendicular
shocks are defined by 0 < θ < π/4 and π/4 < θ < π/2, respectively. In nature, parallel and perpendicular shock cases occur only over a small portion of the entire 3D
shock surface and therefore, oblique (quasi-parallel and quasi-perpendicular) shock
waves are observed more often. An illustrative cartoon of the Earth’s bow shock is
shown in Figure 1.5 which shows how different parts of the Earth’s bow shock correspond to quasi-parallel and quasi-perpendicular shock waves. The foreshock region
is the region upstream of a shock that is created by back-streaming particles that
were reflected at the shock front [17–19]. Since electrons have a smaller mass, their
reflection velocity tends to be larger and they can travel farther upstream of the shock
than ions. This effect can be clearly seen in Figure 1.5 where the electron and ion
foreshocks are illustrated. The the reflected particle component of particle distributions is an essential element in the shock dissipation process. There are two kinds of
reflection at the shock. 1) Reflection by mirroring of the particle due to the kink in
the magnetic field across the shock. Particles gain energy due to these reflections. 2)
Relfelction by specular reflection from the cross-shock potential. Electrostatic crossshock potential is originated in the charge separation across the shock. Particles gain
energy continuously by drifting along the shock surface before their escape upstream
or downstream.
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Figure 1.5: Illustration of the Earth’s bow shock (green line) and magnetopause
(black line). The blue lines are interplanetary magnetic field lines. The different regions are labeled appropriately. The examples of quasi-parallel versus quasiperpendicular shock definitions are shown in this figure. The red dots represent
protons while the yellow are electrons. Due to the reflected ions and electrons, the
quasi-parallel section of the bow shock appears much more turbulent than the quasiperpendicular. This figure is adapted from Tsurutani & Rodriguez (1981) [2].

1.2.2

Rankine-Hugoniot Equations
All types of shock waves must satisfy a set of fundamental physical relations

called the Rankine-Hugoniot equations [20,21]. The Rankine-Hugoniot equations are
the basic equations at a shock wave that connect the physical quantities at the upstream state (denoted by the subscript 1) to the downstream state (denoted by the
subscript 2). Physical quantities are assumed to be constant far upstream and far
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downstream of the shocks. The Rankine-Hugoniot equations correspond to conservation laws such as conservation of mass, energy, and momentum across the shock
transition.
The Rankine-Hugoniot equations for a shock wave at a shock rest frame are
as follows.
Conservation of mass:
ρ1 u1n = ρ2 u2n ;

(1.6)

Conservation of momentum normal to the shock surface:

ρ1 u21n + P1 +

B2
B12
= ρ2 u22n + P2 + 2 ;
2µ0
2µ0

(1.7)

Conservation of momentum tangential to the shock surface:

ρ1 u1n u1t +

Bn B2t
Bn B1t
= ρ2 u2n u2t +
;
2µ0
2µ0

(1.8)

Conservation of energy:






2
2
1
1
γ
B1t
γ
B2t
B1t u1t
B2t u1t
2
2
ρ 1 u1 +
P1 +
B1n =
ρ2 u2 +
P2 +
B2n ;
u1n −
u2n −
2
γ−1
µ0
µ0
2
γ−1
µ0
µ0
(1.9)
Conservation of magnetic field along the shock normal:

B1n = B2n = Bn ;
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(1.10)

The frozen field condition implies that:

B1n u1t − u1n B1t = B2n u2t − u2n B2t .

(1.11)

The subscripts n and t denote normal and tangential components, respectively. Equation (1.11) states that the tangential component of the electric field should be continuous. The Rankine-Hugoniot equations identify shock speeds and the specific kind
of shock.

1.3

The Heliosphere

The solar wind is a flow of ionized solar plasma escaping continuously from
the surface of the Sun that expands into interplanetary space. The interaction of
the solar wind with the interstellar medium creates a comet-shaped bubble in space,
known as the heliosphere [22]. The heliosphere extends about 120 AU (Astronomical
Unit = 1.496 × 1011 m, which is the distance between the Sun and Earth) in the
direction of the Sun’s motion through the interstellar medium (nose direction) and
tens of thousands of AU in the heliotail (antinose) direction. The solar wind plasma
flows outward from the Sun supersonically with speeds ranging from about 300 to
800 km/s until it reaches the heliospheric termination shock (HTS) where it is heated
and slowed down. As the supersonic solar wind passes the HTS and enters the inner
heliosheath (IHS) region, it becomes subsonic. The outward flow of the solar wind is
turned to flow around the sides of the heliospheric bubble and into the heliotail. The
IHS is bounded by the interstellar plasma at a boundary called the heliopause (HP).
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Figure 1.6: a: An illustration of the heliosphere and the boundary regions between
the solar wind and the very local interstellar medium (VLISM). The Sun is located
at the center of the bubble. The supersonic solar wind is bounded by the heliospheric
termination shock (HTS). This supersonic solar wind region is region 3 here. The
region 2 is called the inner heliosheath (IHS), where the solar wind flow becomes
subsonic after crossing the HTS. Region 1 is the interstellar medium and is separated
by the heliopause (HP) boundary from the helisophere. As the heliosphere plows
through the ionized interstellar gas, a bow shock (BS) may be formed in front of the
heliosphere. Region 1 is separated into 1a and 1b by the bow shock. b: Shows a
two-dimensional steady-state, heliospheric interaction with the VLISM. The top plot
is the logarithmic temperature distribution of the solar wind and interstellar plasma.
Bottom plot is the density distribution of neutral Hydrogen atoms. The plasma
streamlines are represented by the arrows in the top plot. This figure is adapted from
Zank (2015) [3].

The HP is located at the position where solar wind’s pressure balances that of the
surrounding interstellar medium. Figure 1.6 is an illustration of the heliosphere and
the interstellar medium. Region 3 in this figure represents the supersonic solar wind,
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with large radial speeds, relatively low temperature, and low densities plasma. This
region is bounded by the HTS. Region 2 is the IHS which includes heated and subsonic solar wind, larger magnetic fields, and lower flow speeds than does the distant
supersonic solar wind. The IHS is bounded by the HP which is believed to be a tangential discontinuity (i.e. pressure is constant and particle does not transport across
the tangential discontinuity). Region 1, which is the very local interstellar medium
(VLISM), has a higher density and lower temperature compared to the heliosphere.
A bow shock may exist ahead of the heliosphere as a result of the relative motion of
the Sun and the VLISM.
Energetic charged particles in space are charged particles with energy ranging
from a few keV to many GeV. Five different kinds of the energetic particles can be
identified in the solar wind. These are galactic cosmic rays (GCRs), which originate
outside the heliosphere, solar energetic particles (SEPs) generated by the Sun or by
shock waves generated at the Sun, pickup ions (PUIs) that are energetic particles
created inside the heliosphere, anomalous cosmic rays (ACRs) that are PUIs accelerated to higher energies at the HTS and inside the IHS, and the last are particles
energized at planetary bow shocks or other possible energization mechanisms such
as magnetic islands. Understanding the properties of non-thermal energetic particles
in the heliosphere and the interstellar medium is essential for several reasons. Energetic particles carry information about the large-scale properties of the interstellar
medium (e.g., galactic cosmic rays) and our heliosphere. High energy particles propagate at very high velocities, typically much greater than the characteristic velocities
of space environments. Since the propagation of energetic particles is affected by
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many physical properties of the medium, they sample regions of the heliosphere and
the interstellar medium that are not accessible to spacecraft. Much of our knowledge
about the global structure of the heliosphere comes from observations of energetic
particles. Energetic particles are thought to play a fundamental role in the dissipative process at shock waves and in determining their structure. Understanding the
dynamical effect of energetic or suprathermal particles is finding increasing interest
for shocks in the heliosphere. They also represent a considerable hazard for human
and spacecraft in space, because energetic particles carry a large amount of kinetic
energy and thus can penetrate shielding material.
In the next subsections of this chapter, each of the regions of the heliosphere
and VLISM and the observations of energetic particles and shock waves within them
will be discussed.

1.3.1

Inner Heliosphere and in situ observations
The region between the Sun and Earth is usually called the inner heliosphere

and it mostly contains particles of solar origin. Coronal mass ejections (CMEs) are
massive eruptions of plasma from the Sun’s surface into the inner heliosphere. CMEs
usually release an energy of about 1034 ergs or 1027 joules which is approximately
equivalent to the energy released by detonating 20 million Megaton nuclear bombs
[23]. In some strong events, 5 − 50 billion tons of plasma can be ejected at speeds
over 2000 km/s for as long as a few minutes up hours. CMEs eventually drive shock
waves in front of them because of their high speed. At solar maximum, when the Sun
is very active, shocks in the heliosphere are believed to be mainly driven by CMEs.
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Figure 1.7: The expansion of a CME-driven shock wave as observed in the LASCO/C2 WL coronagraph. This image is adapted from Bemporad & Mancuso (2010)
[4].

An example of a CME-driven shock is shown in Figure 1.7. Many CME-driven shocks
have been detected at 1 AU by spacecraft close to the Earth such as ACE, Wind, and
Ulysses [24]. CME-driven shocks can accelerate particles to high energies in a very
short time and can generate very energetic SEPs [25,26]. SEPs have energies ranging
from a few KeV to several GeV. They travel much faster than thermal particles in
the space plasma, typically at a fraction of the speed of light, and can travel from the
Sun to the Earth in one hour or less. Zank et al. (2016) [27] showed that SEPs are
not equilibrated with the background solar wind and should be treated as a separate
pressure component.
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Generally, ideal MHD studies assume that the pressure exerted by energetic
particles is negligible compared to the thermal gas pressure or magnetic pressure.
However, there are many observations in the inner heliosphere showing that the energetic particle pressure is comparable to or even exceeds both the thermal gas and
magnetic pressure. These periods were mostly associated with the passage of CMEdriven shocks. Lario et al. (2015) [5] used STEREO-A spacecraft observations to
show that the energetic particle pressure is much greater than the thermal gas and
magnetic field pressure at several interplanetary shocks within 1 AU (see e.g., Figure 1.8). The properties of these shocks are different than propagating shocks at
which the background thermal and magnetic field plasma dominate [12, 28, 29]. The
large energetic particle pressure suggests that these interplanetary shocks are mediated by energetic particles and their characteristics are different than expected from
a simple MHD description [30, 31]. Thus, energetic particles may play an important
role in determining the shock parameters, and can even lead to a modification of the
conservation laws across the interplanetary shock transition [32].

1.3.2

Outer Heliosphere and in situ observations
The region between Earth and the HTS is usually called the outer heliosphere.

SEPs in the outer heliosphere can originate from interplanetary shocks and corotating
interaction regions (CIRs). CIRs are structures that arise from the interaction of lowspeed and high-speed solar wind and mostly occur during solar minimum when the
solar wind speed depends roughly on latitude with respect to the solar equator [33,34].
When a fast solar wind stream interacts with a slow solar wind stream by compressing
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Figure 1.8: Left are GOES-7 and IMP-8 observations during the event associated
with the passage of the interplanetary shock on 1989 October 20 (day of year 293).
Right are STEREO-A observations during the event associated with the passage of
the interplanetary shock on 2012 July 23 (day of year 205). The solid vertical lines
labeled with the symbol S indicate the passage of the shock waves. Shown are the
magnetic field pressure (red), solar wind thermal pressure (blue), energetic particle
partial pressure (black) computed over the indicated energy range, and the sum of the
energetic particle, magnetic, and thermal pressure (purple). The dashed vertical lines
labeled with the number 1 indicate the passage of a prior interplanetary shock and
the dotted vertical lines labeled with the number 2 indicate the increase of energetic
particles before the shock passage. This figure is adapted from Lario et al. (2015) [5].

the plasma at their boundary, the interaction produces CIRs in interplanetary space
[35]. At large distances, the CIR pressure pulse streams into two shocks, a forward
shock that moves radially outward from the CIR, and a reverse shock that moves
radially inward from the CIR. Both forward and reverse shocks move away from the
Sun, since they are adverted by the supersonically flowing solar wind. They can
accelerate particles to high energies, and these energetic solar particles can then be
observed by many spacecraft [36]. These energetic particles can injure astronauts and
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damage or destroy spacecraft, computer chips, and detectors. As CIRs propagate to
the larger heliospheric distances, they expand, merge, and become weaker [37].
Observations made by many spacecraft (e.g., Ulysses and New Horizon) demonstrate that the distant solar wind beyond a few AUs in the outer heliosphere is indeed
mediated by nonthermal energetic particles called pickup ions (PUIs) [38]. First, we
will discuss the physics of PUIs, since PUIs are a very important component in the
outer heliosphere. We show that the PUI pressure is the dominant internal pressure
in the outer heliosphere and they thus mediate most of the shocks in the helisophere.
The heliosphere is moving with the speed of about 25 km/s with respect to the
local interstellar medium [38–40]. Interstellar neutral atoms can penetrate freely into
the heliosphere without interacting with the magnetic field. The interstellar neutral
gas is cold (with a temperature of about 7500 K [40]), and thus the thermal speed
and the bulk speed of interstellar neutrals is negligible compared to the solar wind
speed (where the nominal solar wind speed is ∼ 450 km/s). Therefore, the relative
speed between the solar wind plasma and the interstellar neutrals is about the solar
wind speed.
Interstellar atoms can be ionized in the heliosphere by different processes such
as charge exchange, photoionization, and electron impact. He+ is produced primarily by photoionization, while H + production includes a significant collisional charge
exchange component. Zank (1999) [41] showed that the ionization of neutral H is relatively efficient, so very little propagates inside 3 AU. In contrast, interstellar neutral
He reaches deep within the inner heliosphere and is gravitationally focused behind
the Sun [42].
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Figure 1.9: Pickup geometry of the interstellar particles in the Sun’s rest frame. The
newly created ions are initially at rest, point O. The ion starts gyrating around the
magnetic field, which is shown by the dashed line. The projection of the ring-beam
is denoted by the OO’ line. α is the angle between the solar wind velocity and the
magnetic field vector B. This figure is adapted from Gombosi (1998) [6].

After ionization, the newly created ions inside the supersonic region of the
heliosphere (i.e., inside the HTS) are initially at rest with respect to the solar wind.
Immediately after the creation of these ions, they are accelerated by the motional
electric field of the solar wind flow. Gyrating around the magnetic field lines forces
the ions to have a cycloidal trajectory. The initial velocity-space distribution of the
newly created ions is a ring-beam distribution. Figure 1.9 shows the pickup geometry
in the Sun’s rest frame. The newly created ions are initially at rest at point O, and
then they start gyrating around the interplanetary magnetic field line. The OO’ line
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Figure 1.10: Phase space density of H + (including both solar wind and PUIs) as
a function of ion speed in the spacecraft frame. Individual data points are SWICS
observations from Ulysses spacecraft in 1994. Red line represents the model presented
by Wu et al. (2016) [7]. This figure is adapted from Wu et al. (2016) [7].

in Figure 1.9 is the projection of the ring-beam. One can see that the gyration speed
of the ring is v⊥ = usw sin α, where usw is the solar wind speed, and α is the angle
between the magnetic field line and the solar wind velocity. The ring moves with
the speed of vk = usw cos α toward the Sun along the magnetic field direction. The
ring-beam distribution is unstable to the generation of Alfvén waves, which yields a
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broad spectrum of turbulence. The frequency of the excited waves is much smaller
than the cyclotron frequency of the newly created ions (i.e., PUIs) in the supersonic
solar wind region. The Alfvén turbulence is advected with the solar wind plasma,
since the solar wind speed is much greater than the Alfvén speed. PUIs interact
with self-generated and pre-existing Alfvén turbulence without changing their energy
in the frame of reference moving with the turbulence. PUIs therefore experience
pitch-angle scattering and become isotropized in the solar wind frame, and thus their
distribution evolves into a shell distribution around the solar wind velocity. As can
be seen from Figure 1.9, the PUI shell is centered on the solar wind speed, and has a
radius corresponding to the solar wind speed. This model predicts that a spacecraft
should observe the PUIs with speeds distributed uniformly between zero and twice
the solar wind speed. This prediction was confirmed by the Ulysses spacecraft [43].
Figure 1.10 shows the PUI phase space density of PUIs as measured by Ulysses [7].
There is a sharp cut-off in the proton phase space density at twice the solar wind
speed. The weak tail in the distribution showing higher velocities than 2usw might be
due to accelerated PUIs [44]. The number of PUIs (especially H + ) increases as the
solar wind propagates out through the heliosphere. They slow down the solar wind
and convert the kinetic energy of the solar wind into the PUI particle pressure.
Most spacecraft do not possess the instrumentation to make direct measurements of either neutral atoms or PUIs. However, magnetometers can indirectly identify the presence of PUIs by analyzing waves that are excited by PUIs. Waves due to
newborn PUIs have been reported using observations made by for example the ACE,
and Voyager 1 & 2 spacecraft (see Smith et al. (2017) [45] and references therein).
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The ACE spacecraft observations of waves due to PUIs are mostly limited to He+
source ions since neutral H is highly depleted within 3 AU. Preliminary surveys of
the Voyager 1 and 2 observations have revealed waves due to both He+ and H + ions
(see [46] for more details).
Marhavilas & Sarris (2011) [47] compared the magnetic pressure to the energetic particle pressure in the energy range 20 keV - 5 MeV at Jupiter’s bow shock
observed by Ulysses and found that for some periods the energetic particle pressure
exceeded the magnetic pressure by more than one order of magnitude, creating conditions of high beta plasma. They showed that high beta ion events close to Jupiter’s
bow shock were produced by bow shock ion acceleration.
During the solar minimum of 1994-1997, Voyager 2 observed recurrent sharp,
shock-like increases in the solar wind speed that look like forward shocks at a distance
42-52 AU from the Sun [48]. These shocks were very weak with compression ratio of
about 1.5 to 2. Zank & Pauls (1997) [49] showed that shocks in the outer heliosphere
are weak and less frequent and suggested that several effects may change the structure
of shocks in the outer heliosphere such as the weakening of shocks due to the presence
of PUIs. The effect of PUIs was shown to decrease the shock compression ratio,
weakening the shock and decreasing the injection efficiency for particle acceleration
[49,50]. Voyager 2 data near 45 AU revealed signatures of forward shocks, but reverse
shocks were almost absent. Burlaga (1983) [37] showed that the merging of CIRs
results in the destruction of CIR structure and associated forward and reverse shocks.
Provornikova et al. (2012) [51] showed that the interaction of CIR-associated shocks
with rarefaction waves significantly changes the structure of the shocks in the outer
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heliosphere. Their simulation showed that the reverse shocks can disappear, and
forward shocks can be weakened due to interaction with rarefaction waves.
The Solar Wind Ion Composition Spectrometer (SWICS) instrument on Ulysses
[52] made numerous pickup ion (PUI) observations from 1.4 − 5.4 AU [53]. Even
though at this distance solar wind ions still contain the majority of the plasma pressure and dominate the shock interaction, a high acceleration efficiency for PUIs at
interplanetary shocks was observed [52].
The Solar Wind Around Pluto (SWAP) instrument on the New Horizon spacecraft made observations of the solar wind and suprathermal PUIs in the outer heliosphere beyond Jupiter’s orbit for the first time [54]. McComas et al. (2017) [38]
presented PUI observations measured by the SWAP instrument up to 38 AU and
showed that PUIs dominate the thermal solar wind, the PUI pressure typically being
larger than the thermal solar wind and magnetic pressure. Thus, shock waves in the
outer heliosphere should be mostly mediated by suprathermal PUIs. Zirnstein et al.
(2018) [44] showed that PUIs gain a significant fraction of energy across the interplanetary shock observed by SWAP at about 34 AU, even though their number density
was very low compared to thermal solar wind. SWAP count rates exhibit a tail at
energies above the PUI cutoff downstream of the shock, which is distinct from the
PUI filled-shell distribution fit [44]. They showed that the PUI tail is not the result of
diffusive shock acceleration or particle interactions with turbulence. The steepened
tail is a consequence of the preferential reflection of PUIs from the cross-shock potential (rather than solar wind ions) and energization in the upstream motional electric
field [55].
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1.3.3

Heliospheric Termination Shock (HTS) and in situ observations
The interaction of the fast magnetosonic solar wind flow with the interstellar

gas leads to the formation of the HTS. The HTS is a reverse shock in the solar
wind frame and the largest shock in the heliosphere and decelerates the solar wind
to subsonic speed. The HTS is approximately 90 AU from the Sun in the upwind
direction (the “nose” direction), and 150 AU in the downwind direction (toward the
heliotail). As the solar wind crosses the HTS, it experiences a compression of the
plasma density and magnetic field, and a jump in plasma temperature and decrease
in speed.
Voyager 1 crossed the HTS at ∼ 94 AU whereas the Voyager 2 crossing was
∼ 10 AU closer at ∼ 84 AU. McComas et al. (2008) [54] showed that some of this
difference might be caused by a prolonged decrease in the solar wind dynamic pressure.
Some of the possible asymmetry of the HTS could be caused by the interstellar
magnetic field distorting the HTS and HP [56]. Models show that a large asymmetry
should have been observed by the Voyagers [57–61]. Although Voyager 1 crossed the
HTS well before Voyager 2, there are no good observations of the Voyager 1 crossing
since it occurred during a data gap.
Voyager 2 crossed the HTS during a period when data were available and
transferred to Earth. Although one crossing of HTS was expected, Voyager 2 crossed
the HTS at least five times between 2007/242.14 and 2007/244.80 [8]. Figure 1.11
shows the five crossings of the HTS by Voyager 2 [8]. The first and fifth crossings occurred in data gaps in 2007/242.140−2007/242.715 and 2007/244.148−2007/244.799,
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Figure 1.11: The HTS crossing by Voyager 2. Three crossings of the termination
shock are shown in this plot, which may illustrate the reformation and the variability
of the HTS structure. a: Magnetic field strength B. b: The standard deviation of
magnetic field for 4-minute intervals SD4min . c: Azimuthal angle λ. d: Elevation
angle δ. e: Solar wind speed V . All these plots are plotted as a function of time
measured in days from the beginning of 2007. This plot is adapted from Burlaga et
al. (2008) [8].
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respectively. The other three crossings can be seen in Figure 1.11. The multiple crossings of the HTS suggests that possibly the HTS is not a laminar shock and may have
ripples sweeping along the shock front. It is also possible that the HTS moved back
and forth radially across Voyager 2. Burlaga et al. (2008) [8] suggested that the
HTS is a supercritical shock with a magnetosonic Mach number greater than 3 based
on estimates of the PUI density and pressure. Figure 1.12 shows the structure of
the third HTS crossing by Voyager 2. This structure is remarkably consistent with
the classical structure of a supercritical quasi-perpendicular shock where dissipation
is provided by ion reflection at the cross-shock potential (see, e.g., [62]). The foot,
ramp, and overshoot of this crossing moved passed Voyager 2 in ∼ 23 min, ∼ 1.5
min, and ∼ 17 min, respectively [8]. The foot contains gyrating protons that are
reflected from the HTS. An abrupt decrease in speed occurs at the ramp because of
the electric potential associated with cross-field currents and gradients in B in the
ramp. The ratio of the magnetic field in the solar wind upstream of the shock (B1 )
to that behind the shock (B2 ) is B2 /B1 ∼ 1.7. The corresponding density ratio is
∼ 1.4, consistent with a shock strength of ∼ 1.6.
The Voyager 2 observations showed that the shock widths were about 300,000
km for the second crossing and about 100,000 km for the third crossing. These widths
are a few times the ion inertial length and are much larger than the electron inertial length and the thermal ion gyroradius [63]. The Voyager 2 plasma instrument
measured less solar wind heating than expected from ideal MHD simulations during
the HTS transition. The observed solar wind temperature downstream of the HTS
was less than 200, 000 K indicating that about 80% of the incident solar wind ram
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Figure 1.12: The third crossing of HTS (TS-3) by Voyager 2. a: 48-s averages of the
magnetic field strength B. b: Azimuthal angle λ. c: Elevation angle δ. d: Solar wind
speed V . All these plots are plotted as a function of time. The magnetic field strength
profile of TS-3 shows the classical features of a supercritical quasi-perpendicular shock
with a ‘foot’, ‘ramp’, ‘overshoot’, and ‘undershoot’. This plot is adopted from Burlaga
et al. (2008) [8].
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energy had to be converted to some particle population other than that of the solar
wind. Zank et al. (1996) [55] predicted that PUIs provide the primary HTS dissipation mechanism and are heated as they pass the HTS. The solar wind protons
have a secondary role as was confirmed by Richardson (2008) [64]. Thus, Voyager 2
observations support the basic model of Zank et al. (1996) [55] for the microstructure
of the HTS. PUIs are reflected preferentially at the cross-shock electrostatic potential
of the HTS and acquire almost all the dissipative heating of the bulk flow energy.
Mostafavi et al. (2017) [65] simulated the HTS and showed that the flow remains
supersonic with respect to the thermal gas downstream of the HTS. However, with
the inclusion of PUIs, the transition from the upstream to downstream state results
in a supersonic-subsonic flow transition.
The cosmic ray detectors on Voyager 1 and 2 detected an unexpected low
energy cosmic ray component. Enhanced fluxes of singly ionized helium, hydrogen,
oxygen, nitrogen, carbon, and neon with energies between about 1 MeV/nucleon to
30 MeV/nucleon were detected [66]. These cosmic rays, which are not of galactic
origin, were called anomalous cosmic rays (ACRs). The origin of the ACRs is still an
area of active research. Fisk et al. (1974) [67] predicted that the ACRs are energized
PUIs and Pesses et al. (1981) [68] suggested that they are accelerated at the HTS via
the diffusive shock acceleration mechanism. However, Voyager observations were surprising in that ACRs flux did not appear to peak at the HTS as predicted by diffusive
shock acceleration. This may indicate that ACRs are not primarily accelerated at the
HTS, at least at the times and locations where the two Voyager spacecrafts crossed
it. One possible explanation was presented by McComas and Schwadron (2006) [69],
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who suggested that the asymmetric shape of the HTS may determine locations where
particles can be accelerated up to ACR energies. They pointed out that ACR acceleration should not be expected near the nose where Voyager 1 crossed and the
HTS is highly perpendicular, but instead may occur along the tail and flanks of the
HTS where the magnetic field has had progressively longer connection times. The
long connection times for the flanks and tail can allow diffusive shock acceleration to
energize particles up to observed ACR energies. Some follow up papers extended this
work into more realistic models [70, 71]. Fisk et al. (2006) [72] suggested that the
HTS may not accelerate ACRs at all and instead they might be energized by some
forms of distributed stochastic acceleration beyond the HTS in the IHS.
Voyager 1 detected a significant increase in the number of low-energy suprathermal ions about seven months before the HTS crossing [73,74]. During this time, what
became known as the termination shock particle (TSP) intensity increased by a factor
of 1.5. Florinski et al. (2006) [75] suggested that the observed low energy suprathermal ion population, the TSPs, were accelerated by a highly oblique shock wave. Both
an oblique HTS and a quasi-parallel HTS can reflect PUIs, and thus provide a population of upstream accelerated TSPs that eventually become ACRs. Such an oblique
HTS is expected to exist in regions where the idealized spiral interplanetary magnetic
field cuts through the HTS at an oblique angle. Therefore, the assumption that the
HTS is exclusively perpendicular is unlikely to always be correct [76]. We will study
different values of the HTS obliquity in Chapter 5.
Decker et al. (2005) [77] showed that the low energy charge particle (LECP)
instrument on Voyager 2 detected an exponential increase of energetic ions 40 days
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before the HTS crossing. The plasma data also showed a broad velocity precursor in
which the solar wind speed changed gradually from ∼ 380 km/s to ∼ 300 km/s before
the HTS. Florinski et al. (2009) [9] used plasma and energetic particle conservation
laws in their ACR mediated model and showed that the precursor upstream of the
HTS (∼ 0.3 AU) might be due to the mediation of the HTS by accelerated ACRs.
This precursor can be seen in Figure 1.13.

1.3.4

Inner Heliosheath (IHS) and in situ observations
The IHS is the region between the HTS and the HP and is a very complicated

region. Since the IHS is the transition region between the solar obstacle and shock,
it should be a highly turbulent medium of compressed magnetic field and density.
Burlaga et al. (2006) [78] presented Voyager 1 observations of compressible turbulence
and their structures in the IHS. Based on Voyager 1 observations, Burlaga et al.
(2006) [78] showed that the distribution of hourly averages of the magnetic field was
Gaussian. A few years later, Voyager 2 observations confirmed the nature of the IHS
compressible turbulence [79].
The supersonic solar wind decelerates upon crossing the quasi-perpendicular
HTS. The IHS temperature was predicted in MHD models to be high and normal
flow velocity tends to zero at the HP. As mentioned earlier, the observed downstream
solar wind temperature in the IHS is in the range of about 110, 000 − 180, 000 K [64],
which was much less than predicted by ideal MHD models. Instead, the thermal energy in the IHS is dominated by PUIs. Two primary sources of PUIs in the IHS exist.
The first source of PUIs is interstellar neutrals that drift across the HP and charge
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Figure 1.13: Solar wind speed (top), density (middle), and partial pressure of energetic ions in the LECP energy range (bottom) near the 2007 Voyager 2 shock encounter plotted as a function of distance. Red lines show the fits based on two-fluid
gas dynamic conservation laws. There is a precursor of about 0.3 AU before the HTS.
This figure is adapted from Florinski et al. (2009) [9].
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exchange with hot solar wind plasma in the IHS. These newly created ions are picked
up in the IHS plasma in the same way that ions are picked up in the supersonic solar
wind. The second primary source of PUIs in the IHS is PUIs created in the supersonic
solar wind and then advected across the HTS and into the IHS. The PUIs convected
to the HTS are either transmitted across the HTS without any reflection or reflected
at the HTS before transmission [55]. The IHS proton distribution function can be
approximated by a three-component distribution function [80, 81] or four-component
distribution function [82], with a relatively cold thermal solar wind Maxwellian distribution and two or three superimposed non-Maxwellian PUI distributions (for more
details see, e.g., [3]).
Voyager 1 and 2 entered the IHS in 2004 and 2007, respectively. The direction
in which Voyager 1 moves is ∼ 35◦ N heliolatitude, whereas Voyager 2 moves towards
48◦ S heliolatitude. Although both spacecraft move generally in the nose direction,
they were almost 140 AU apart at the time of entering the IHS. Some of the IHS
characteristics such as the intensity of energetic ions were determined to be similar
at the Voyager 1 and 2 positions. The speed of the flow observed by Voyager 2
in the IHS is, on average, remarkably constant at 150 km/s. Voyager 1 did not
have a working plasma instrument when it was in the IHS and therefore could not
measure the flow speed directly. The plasma flow velocity was indirectly estimated
from ion intensity anisotropies measured using LECP observations [83]. Krimigis et
al. (2011) [83] showed that the IHS flow observed by Voyager 1 is very different than
those at Voyager 2, where the flow speed observed by Voyager 1 was always below
100 km/s and decreased across the IHS to reach to zero close to the HP.
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Figure 1.14: Voyager 2 observations of the IHS based on Decker et al. (2015) [10].
Top: Energetic particle pressure (black) compared to plasma pressure (blue), and
magnetic pressure (red). Bottom: Plasma beta with (β ∗ ) and without (β) low energy
ion pressure included. This figure is adapted from Decker et al. (2015) [10].

The LECP instruments on Voyager 1 and 2 observed that energetic particles
such as ACRs contribute strongly to the total pressure in the IHS [10, 84–87]. Figure 1.14 shows the Voyager 2 observations and illusterates the importance of the
energetic particle pressure in the IHS. The top plot in Figure 1.14 compares the
energetic particle pressure to the magnetic field pressure, B 2 /2µ0 , where B is the
field magnitude measured by the Voyager 2 Magnetometer, and the thermal plasma
pressure, (1 + 0.35)N KB T , where N is the plasma density, T the thermal proton temperature measured by the Plasma Science instrument on Voyager 2, and KB is the
Boltzmann constant. Clearly, the energetic particle pressure is much greater than the
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thermal gas and magnetic pressure. The bottom plot in Figure 1.14 shows the plasma
beta (β, the ratio of particle pressure to magnetic pressure). β is calculated using
only the thermal plasma pressure whereas β ∗ uses the combined thermal plasma and
energetic particle pressures. β is about one whereas β ∗ is well above unity, meaning
that energetic particles ensure pressure balance in the IHS. Since the LECP instruments on Voyager 1 and 2 only measure a limited range of energies, the actual IHS
plasma beta that includes the full energy spectrum of energetic particles should be
greater than the observed value. It is believed that the IHS remains a high beta
plasma unless there are large increases in the magnetic field amplitude which have
not been reported so far.
Large ram pressure increases in the solar wind drive the HTS outward and
generate high ram and thermal pressure pulses that propagate through the IHS [61,
88–92]. Interplanetary shocks that collide with the HTS propagate into the IHS
until they collide with the HP. These shocks are partially reflected back into the
subsonic IHS region, and partially transmitted into the VLISM. The large value
of the plasma beta in the IHS shows that shock waves propagating in this region
should be mediated by energetic PUIs. In Chapter 6, we will show that shocks in the
IHS are broad because of the large diffusion coefficient associated with PUIs. The
mediation of the IHS temperature by transmitted interplanetary shocks results in the
more effective production of energetic neutral atoms (ENAs) due to charge exchange
between interstellar neutral gas and IHS PUIs. Thus, the ENA flux observed at 1 au
by the Interstellar Boundary EXplorer (IBEX) spacecraft may be increased by the
presence of shock waves in the IHS.
40

1.3.5

Very Local Interstellar Medium (VLISM) and in situ observations
As mentioned earlier, the plasma instrument on Voyager 1 stopped working in

1980 and since then flow speeds were determined indirectly from LECP data using
the Compton-Getting effect [77]. The speed inferred from the Voyager 1’s LECP
instrument decreased across the IHS reaching zero at a distance of about 113 AU in
April 2010. Krimigis et al. (2011) [83] suggested that Voyager 1 was approaching the
HP. They combined the in situ measurements of the ion spectrum with the Cassini
ENA imaging results and predicted that Voyager 1 would cross the HP at 121 AU.
The Voyager 1 spacecraft crossed into the VLISM after passing the HP at about 121
AU on 2012 August 25. Although the Voyager 1 magnetometer detected a change in
the magnetic field strength on crossing the boundary [86, 93, 94], the magnetic field
direction did not change significantly [95]. The crossing of the HP was confirmed
after plasma waves were observed and indirectly indicated that the densities outside
the HP were the expected density in the VLISM [96]. Gurnett et al. (2013) [96] used
the observation of Langmuir or plasma waves to estimate the plasma density in the
VLISM. The plasma frequency corresponded to a very high electron number density
of 0.08 cm−3 in the VLISM. Most researchers currently believe that the boundary
was the HP and that Voyager 1 is now in the VLISM [94, 95, 97].
A remarkable discovery made by Voyager 1 was the observation of shock waves
in interstellar space [95]. The shocks seen in the VLISM are due to interplanetary
shocks that propagate through the supersonic solar wind, collide with the HTS and
then propagate through the IHS, until the HP, where the shocks are partially reflected
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Figure 1.15: The transition from the IHS to the VLISM showing the daily averages
of (a) magnetic field strength B, (b) azimuthal angle λ, and (c) elevation angle δ. A
region containing both interstellar and heliosheath magnetic fields in flux tubes on
interstellar magnetic field lines is labeled ‘‘T .” This figure is adapted from Burlaga &
Ness (2014) [11].

and transmitted into the VLISM [89, 91, 92, 98]. Several papers tie individual VLISM
wave events to CMEs on the Sun. For instance, the 2013 April-May plasma wave event
is linked to a series of CMEs in 2012 March [97,99]. Gurnett et al. (2015) [100] showed
that Voyager 1 observed three plasma wave events associated with radio emissions.
These waves are associated with shock waves in the VLISM which are two forward
shocks and one reverse shock.
The Voyager 1 observations of the daily averages of magnetic field in the RTN
coordinate system are shown in Figure 1.15. The shock wave discussed by Burlaga
et al. (2013) [95] is seen as the jump in magnetic field labeled FS (i.e., forward
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shock). This shock which was observed at the end of 2012 was a very weak and
highly perpendicular shock with the compression ratio of about 1.4. Burlaga et al.
(2013) [95], on comparing shocks observed at 1 AU with the 2012 VLISM shock,
suggested that the observed 2012 shock is a subcritical, laminar, and weak shock.
The significant property of the VLISM shock is its very smooth nature and very
large width, being about 104 times broader than a shock with similar properties at
1 AU. There was no theoretical explanation for such a broad shock structure in the
VLISM. Mostafavi & Zank (2018) [101] showed that the VLISM is collisional with
respect to the thermal plasma at least on scales larger than about 0.3 AU since the
electron and proton collisional mean free paths are small compared to the almost
featureless VLISM. They simulated the interstellar shock observed by Burlaga et al.
(2013) [95] and found that the weak VLISM shock is very broad and is controlled
by particle collisions and not by wave-particle interactions. We will focus on shocks
in the VLISM in Chapter 7. Figure 1.15 shows an abrupt decrease in magnetic field
which is labeled by ? in the figure by Burlaga & Ness (2014) [11] and thus is now
confirmed to be a reverse shock.

1.4

Interstellar Probe Mission

A mission to the LISM has been discussed by the space community for more
than several decades. So far, Voyager 1 and 2 are the only spacecraft to have actually
passed the HP and reached interstellar space. However, they will lose their power very
soon (∼ 2025) and will not be able to send data to Earth. An “Interstellar Probe”
is a spacecraft that is expected to leave the heliosphere and enter interstellar space.
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Figure 1.16: A science Interstellar Probe mission to the pristine Local Interstellar
Medium (≤ 1000 AU) opens remarkable science opportunities across three divisions
(heliophysics, planetary, and astrophysics) and represents humanitys first deliberate
step in to the galaxy. This figure is adapted from the Interstellar Probe science white
paper for “Plasma2020” Decadal Survey with permission.

The goal is to reach to 1000 AU in 50 years with a very high speed (at least three
times that of the Voyager 1 speed). A study analyzing the science opportunities and
practical implementations of a near-term Interstellar Probe is currently underway.
Many scientists and engineers have formed a tentative Interstellar Probe team under
the leadership of the Applied Physics Lab (APL) to study in detail science targets
and propulsion stages of the mission. The goal of the mission is to launch in the
decade 2022-2032 to return valuable science to all three disciplines of heliophysics,
planetary science, and astrophysics.
Despite the advances made by Voyager 1, 2, IBEX and the associated theory
and modeling, numerous questions about the heliosphere and the VLISM remain.
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To answer this questions will require in-situ measurements over a long distance. As
an example, in-situ measurements in the VLISM are critical to understanding the
physics of shock waves and pressure waves in this region. Interstellar Probe will
provide an unique opportunity to explore the detailed physics of shock waves in the
LISM, including a systematic survey of shocks transmitted into the VLISM, and how
the structure and thickness of the VLISM shock changes as they propagate into this
collisional medium.

1.5

IMAP spacecraft

The Interstellar Mapping and Acceleration Probe (IMAP) is a mission that
will help scientists to understand the boundary of the heliosphere and the interaction
between the heliosphere and the local interstellar medium. This mission will also help
us to learn more about the generation of cosmic rays in the heliosphere.
IBEX discovered a completely unpredicted, narrow ribbon of Energetic Neutral
Atom (ENA) emissions coming from the outer heliosphere, which appear to be ordered
by the magnetic field just outside in the LISM. IBEX and Voyager observations have
shown us that our current understanding of the heliosphere and VLISM is very low.
IMAP which is a more capable mission will provide ENA images over a broader
energy range and with one to two decades better resolution. This mission has been
selected by NASA for launch in 2024 that will sample, analyze, and map particles
streaming to Earth from the edges of interstellar space. IMAP mission will carry 10
science instruments provided by domestic and international research organizations.
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Figure 1.17: This figure shows the Interstellar Mapping and Acceleration Probe
observing signals from the interaction of the solar wind with the winds of other stars.
This is adapted from NASA website.

The principle investigator of the IMAP mission is Dr. David McComas from Princeton
University.
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CHAPTER 2

ENERGETIC PARTICLE MEDIATED PLASMA MODEL

In this chapter we discuss an advancement to modeling an energetic particles
mediated plasma. First, we calculate the collisional time scale of PUIs with electrons
and protons in three regions (vis., the supersonic solar wind beyond 10 AU, the IHS,
and the VLISM). We show that the PUIs do not equilibrate collisionally with the
background plasma. Similarly, we show that the SEPs do not equilibrate collisionally
with the background solar wind in the inner heliosphere. A collisionless form of
Chapman-Enskog expansion is then used to derive a closed system of multi-fluid
equations for a plasma comprised of thermal electrons and protons, and suprathermal
PUIs or SEPs. We also derive a simple one-fluid-like model with distinct equations
of state for both the energetic particles and background thermal gas.

2.1

Introduction

An ionization cavity is formed around the Sun which is smaller than 10 AU for
hydrogen and less than 1 AU for Helium. PUIs are mostly created by the entrance
of interstellar neutral hydrogen into the outer heliosphere. They play a significant
role in the outer heliosphere. Many different approaches have attempted to include
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PUIs in a self-consistent manner into solar wind models [41]. Most models assume a
single component background plasma into which PUIs are added via source terms in
the continuity, momentum, and energy equations [102, 103]. Khabibrakhmanov et al.
(1996) [104] used a guiding center kinetic equation and developed a one-fluid model for
the supersonic solar wind mediated by PUIs. Most solar wind models which include
hydrogen PUIs have assumed that the wave-particle interactions proceed very quickly
to the point where PUIs become indistinguishable from thermal solar wind protons
[103, 105]. This one-fluid model predicts that the plasma temperature or pressure
of the solar wind increases significantly with increasing distance [41]. However, the
Voyager spacecraft did not observe such a significant increase in the temperature
of solar wind protons [106, 107]. The temperature profile measured by the plasma
instrument on Voyager 2 exhibits a minimum at about 30 AU after which it slowly
increases again until the HTS. The creation of PUIs in the outer heliosphere leads to
the generation of turbulence which is then dissipated to heat the thermal background
plasma ( [108–111], see [41] also for review). A turbulence model by Adhikari et
al. (2017) [112] shows the effect of PUI turbulence in heating the core solar wind
protons. As we discuss below, PUIs are not assimilated into the supersonic solar
wind and should be treated as a separate co-moving proton population [105, 113].

2.2

PUI-Solar wind collisions

Coulomb collisions equilibrate a background thermal plasma and energetic
protons. Here, we consider the general case of background Maxwellian thermal protons (denoted by the subscript s) and thermal electrons (denoted by the subscript
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e). PUIs (denoted by the subscript p) have a non-Maxwellian distribution with large
speeds that satisfy the inequality

vts  vp < vte ,

(2.1)

where vp is the PUI speed and vts/e is the background proton/electron thermal speed
respectively. The collisional streaming or frictional time-scale for a PUI “p” colliding
with a stationary background population of charged particles “b” (i.e., electrons or
protons) is given by (e.g., see [92])

(τspb )−1

nb qp2 qb2 lnΛ mb
=
2π20 m2p VT3p mp



mp Tp G(xb )
,
1+
mb Tb xp

(2.2)

where G(x) is the Chandrasekhar function,

G(x) ≡

f (x) − xf 0 (x)
,
2x2

(2.3)

xb ≡ v/VT b and f (x) is the error function. The n, q, m, and T for particles p
and b denote number density, charge, mass, and temperature, respectively. VT b =
q
2KB Tb m−1
is the thermal speed, KB is Boltzmann’s constant, and ln Λ is the
b
Coulomb logarithm (∼ 20). 0 is the permittivity of free space and e is the electron
charge.
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For PUIs scattering collisionally off a Maxwellian distribution of background
protons, the collision frequency becomes

νsps =

ns e4 lnΛ
,
2π20 m2p v 3

(2.4)

which shows the well-known inverse cubic dependence with PUI speed. PUI collisional
scattering off a Maxwellian distribution of background electrons is given by

νspe

√
ne e4 lnΛ me
p
p
=
.
2 (2π)3 20 mp (KB Te )3

(2.5)

The characteristic flow time of the plasma region is defined by τf ' L/U , where
L is the size of the region and U the characteristic velocity. The PUI distribution
will not equilibrate with the background plasma, if the collisional timescale exceeds
the characteristic time scale of the region. The νsps and νspe expressions need to be
evaluated to determine whether one needs to introduce a model that distinguishes
the background plasma protons from the PUIs.
In the next subsections, we consider three specific environments viz., the supersonic solar wind in the outer heliosphere beyond 10 AU, the subsonic solar wind
in the inner heliosheath, and the plasma in the VLISM in which PUIs mediate the
plasma properties [114]. The origin of PUIs in each region is different and will be
discussed separately. We also do a similar analysis for the SEPs with energies greater
than 5 KeV in the inner heliosphere.
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2.2.1

Supersonic Solar Wind Beyond 10 AU
Some interstellar neutral atoms enter the heliosphere. Hydrogen neutral in-

terstellar atoms experience charge exchange and filtration at the boundary, being
decelerated and heated in traversing the heliopause and entering the heliosphere.
Zank et al. (1996) [115] showed that the velocity of neutral hydrogen drifting into the
supersonic solar wind is about 23 km/s. Interstellar neutral gas entering the supersonic solar wind region can be ionized by charged solar particles via charge exchange
and electron-impact ionization. They can also be ionized by solar photons, i.e., by
photoionization. The newly charged particle is accelerated almost instantaneously by
the motional electric field E = −U×B of the solar wind, where B is the ambient IMF
and U is the solar wind flow velocity . The velocity of a PUI in a Cartesian frame comoving with the solar wind is v(t) = (−U⊥ cos(Ωi t), U⊥ sin(Ωi t), Uk ), where the IMF is
oriented along the z axis, and Ωi = qB/m is the PUI gyrofrequency. On a time scale
of 1/Ωi , the PUIs form a ring-beam distribution about the interplanetry magnetic
field. A variety of instabilities is generated from the newly born PUIs [41, 116]. PUIs
experience scattering and gradual isotropization by either self-excited or pre-existing
Alfvénic fluctuations in the solar wind plasma. The isotropized PUIs form a distinct
suprathermal population of energetic ions with energies of about one keV in the solar
wind frame [102, 116, 117].
The number density of PUIs at 10 AU is about 5% of the background thermal
gas, increasing to about 20% in the vicinity of the HTS at 90 AU. Zirnstein et al.
(2018) [44] studied an interplanetary shock observed at ∼34 AU by the SWAP instru-
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ment on New Horizon. They showed that even though PUIs are only a few percent
of the total proton density at the shock, they contain most of the internal particle
pressure. Thus, PUIs are preferentially heated. The PUI speed at 10 AU is ∼ 400
km/s and the background proton and electron number density is ne/s ∼ 0.08 cm−3 .
These assumptions yield a PUI-proton collisional time scale of τsps ∼ 8.34 × 1010 s.
Here, we neglect the r−2 decrease in electron and proton number densities with increasing heliospheric distance r. The convection time of a solar wind parcel from 10
AU to 90 AU is about τf ∼ 3.38×107 s. Comparing the collisional time scale with the
convection time scale shows that solar wind PUI-proton collisions cannot equilibrate
both proton populations in the supersonic solar wind.
The electron and proton temperature at 10 AU is typically assumed to be
∼ 20, 000 K, which gives a thermal PUI-electron scattering time, τspe ∼ 8.9 × 108 ,
which is about 30 times greater than the characteristic supersonic flow time. This
indicates that neither proton nor electron collisions can equilibrate a PUI-thermal
solar wind plasma in the supersonic solar wind before the heliospheric termination
shock.

2.2.2

The Inner Heliosheath-the Subsonic Solar Wind
The region between the HTS and the HP is known as the inner heliosheath

(IHS). The HTS changes the solar wind flow from supersonic to subsonic and the
solar wind velocity in the IHS is ∼ 100 km/s. Much of the HTS is an almost quasiperpendicular shock and the interplanetary magnetic field remains approximately
perpendicular to the plasma flow downstream of the shock. Zank et al. (1996) [55]
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predicted that the primary dissipation mechanism at the quasi-perpendicular HTS is
provided by energetic particles (i.e., PUIs) and not by thermal solar wind protons.
This appears to have been observed at the HTS. As reported by Richardson et al.
(2008) [63], the downstream thermal plasma temperature observed by Voyager 2 was
not 106 K or more as anticipated from simple MHD models but rather 120, 000 −
180, 000 K. Thus, the thermal energy in the IHS is dominated by energetic particles.
The energy of newly created PUIs depends on the flow velocity and their locations.
PUIs in the IHS originate from two different sources. One population is interstellar
neutrals that drift across the HP and charge exchange with hot and decelerated solar
wind plasma in the IHS. The average speed of solar wind plasma in the IHS is ∼ 100
km/s [83]. The collision between IHS solar wind and ISM neutral atom leads to
creation of newly created PUIs with an energy ∼ 52 eV or 6.03 × 105 K, which
is approximately five times hotter than the IHS solar wind protons. The second
population of PUIs is those created in the supersonic solar wind and then convected
across the HTS into the IHS. Zank et al. (1996) [55] showed that the PUIs that cross
the HTS are either transmitted immediately across the HTS or reflected before the
transmission. Reflected PUIs were identified as the primary dissipation mechanism at
the quasi-perpendicular HTS [55]. The reflected PUIs downstream of the HTS have a
temperature of ∼ 7.7×107 K or 6.6 KeV and the transmitted PUIs have temperatures
∼ 9.75 × 106 K or 0.84 KeV [81]. Even though the PUI number density is just about
20 − 25% of the thermal solar wind number density, the IHS is thermally dominated
by PUIs. The distribution function of the IHS proton can be approximated by a
three or four-component distribution function [80–82], with a Maxwellian thermal
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solar wind core and two or three superimposed PUI distributions. Desai et al. (2014)
and Zirnstein et al. (2014) [82, 118] have exploited this decomposition of the IHS
proton distribution function in modeling energetic neutral atom spectra observed by
IBEX spacecraft to identify multiple proton distribution functions in the IHS and the
VLISM. The different proton populations are identified as the various PUI populations
(transmitted, reflected, and injected) and the thermal solar wind proton population.
The background proton and electron number density in the IHS is approximately ns/e ∼ 0.005 cm−3 . We take the PUI speed to range from ∼ 1000 kms−1
(reflected and transmitted PUIs) to 400 kms−1 (only transmitted PUIs, without any
reflection), to ∼ 100 kms−1 (PUIs created in the IHS). The PUI-proton collisional
time scale is τsps ∼ 2.1 × 1010 s. On assuming a length scale of 100 AU for the IHS, we
have characteristic flow time of τf ∼ 1.5 × 108 s, meaning that PUI-proton collisions
in the IHS cannot equilibrate the two proton populations.
If we assume an electron temperature of 200, 000 K, the PUI-electron collisional
time scale is τspe ∼ 2.8 × 1010 s which is much greater than the characteristic flow
time on a scale of 100 AU. Thus, neither electron nor proton collisions can equilibrate
PUIs with the thermal solar wind plasma in the IHS. A multi-component plasma
description is necessary, and PUIs should be treated as a separate component in the
IHS.

2.2.3

VLISM
In the distant heliosphere, Zank et al. (1996) [119] noted that energetic neutral

hydrogen created via charge exchange in the inner heliosheath (IHS) and fast solar
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wind could splash back into the VLISM where they would experience secondary charge
exchange. The secondary charge exchange of fast and neutral H with cold (∼ 7500
K; [40]) VLISM protons leads to the creation of a suprathermal PUI population in
the VLISM. Zank at al. (2013) [120] pointed out that the existence of suprathermal
PUIs in the VLISM plasma results in an increase of the sound speed which yields a
weakening or possibly elimination of the bow shock (yielding a bow wave instead of
bow shock). The extension of the Zank et al. (2010) model [81] by Zirnstein et al.
(2014) [82] showed that the VLISM is heated by multiple PUI populations.
Here, we concentrate on neutrals created in both the IHS and supersonic solar
wind with typical speeds of ∼ 100 kms−1 or ∼ 400 kms−1 , experiencing secondary
charge exchange in the VLISM. The energetic PUI density is very small in the VLISM
(np ≈ 5 × 10−5 cm−3 ; [82]) and they therefore contribute a very small pressure compared to the thermal plasma (Pp1 /Pg1 ≈ 0.05). The background proton and electron
number density is approximately ns/e ∼ 0.08 cm−3 and the PUI speed is 100 kms−1
(since the source is neutral H created in the IHS). Thus, the PUI-proton collisional
time scale is τsps ∼ 1.3 × 109 s. For the typical flow speed of 15 kms−1 and a length
scale of 75 AU, the characteristic flow time is τf ∼ 7.5 × 108 s. To compute the PUIelectron collision time scale, we assume an electron temperature of Te ∼ 10, 000 K
which yields τspe ∼ 3.2 × 108 s. The PUI-electron collisional time scale is comparable
to the characteristic flow time on a scale of 75 AU. Therefore, neither electron nor
proton collisions can equilibrate the PUI with the thermal solar wind plasma in the
VLISM on scales smaller than 75 AU.
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2.2.4

Solar energetic particles in the inner heliosphere
We assume a solar wind number density of ∼ 10 cm−3 at 1 AU. For SEPs in the

inner heliosphere with energies greater than 5 keV, the collisional time scale of thermal
and energetic protons is ' 1.4 × 1010 s. The characteristic size and speed for the inner
heliosphre are ∼ 1 AU and ∼ 400 km/s, respectively. This yields a dynamical time
scale of about 3.75×105 s, which is much smaller than the SEP-proton collisional time
scale. The results hold for fast protons scattering off electrons as well. Consequently, if
the energy density of SEPs becomes dynamically important, they cannot equilibrate
in the inner heliosphere and need to be treated as a distinct component. Thus,
to model inner heliospheric interplanetary shocks that are dominated by energetic
ions [5, 32] requires the use of a multi-component plasma model. This result also
holds for relativistic ACRs.

2.3

Multi-Fluid Model

As discussed in Section 2.2, the plasma in many regions of the heliosphere and
the VLISM does not equilibrate and cannot therefore be described as a magnetized
single-component plasma, and at least some elements of a multi-component description are necessary. A first attempt to write down a multi-fluid model was presented
by Avanish & Zank (2007) and Avanish et al. (2009) [121, 122]. Fisk & Gloeckler
(2014) [87] argued that both PUIs and ACRs should be regarded as partially decoupled from the background thermal plasma.
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A multi-component plasma model that includes energetic particles is derived in
this section. The background protons and electrons are assumed to have Maxwellian
distribution functions, which ensure that the dissipation terms (i.e., heat flux or
stress tensor terms) for the background thermal plasma are absent. The continuity,
momentum, and energy equations governing the thermal electrons and protons are
given by

∂ne,s
+ ∇ · (ne,s ue,s ) = 0;
∂t
me,s ne,s (

∂ue,s
+ ue,s · ∇ue,s ) = −∇(Pe,s ) − ene,s (E + ue,s × B);
∂t
∂Pe,s
+ ue,s · ∇Pe,s + γe,s Pe,s (∇ · ue,s ) = 0,
∂t

(2.6)
(2.7)
(2.8)

where ne,s , Pe,s , ue,s , and γe,s are the macroscopic fluid variables for the electron (e)
and proton (s) number density, pressure, velocity, and the adiabatic index, respectively. B and E are the magnetic field and electric field.
However, energetic particles such as PUIs and SEPs both drive streaming
instabilities, and experience pitch-angle scattering from both self-excited and preexisting Alfvénic fluctuations. These fluctuations and in situ turbulence serve to scatter PUIs in pitch angle. The Alfvén waves and magnetic field fluctuations both propagate and convect with the bulk velocity of the system U = U(ue , us , up , ne , ns , np , me , mp ).
The energetic particles are governed by a Fokker-Planck transport equation
with a scattering term ∂f /∂t|c ,

∂f
e
∂f
+ v.∇f +
(E + v × B).∇v f =
|c .
∂t
mp
∂t
57

(2.9)

The transport Equation (2.9) should be transformed to a frame that ensures there is
no change in PUI momentum and energy due to scattering. The velocity, v, is

v = c + U + σVA ,

(2.10)

where σ is the cross-helicity which is a measure of the number of waves propagating
in a forward and backward direction. When zero, the number of waves propagating
in opposite directions is equal. If the normalized cross-helicity = +/- 1, then the
wave propagation is uni-directional. c is the random velocity, and VA is the Alfvén
velocity. Therefore, the transport equation yields

∂f
e
e
∂Ui
∂f
+ (Ui + σVAi + ci )
+
(E + U × B)i +
(c × B)i −
∂t
∂xi
mp
mp
∂t


∂VAi
∂VAi
∂f
∂f
∂Ui
.
−σ
− (Uj + σVAj + cj )
=
−(Uj + σVAj + cj )
∂xj
∂t
∂xj
∂ci
∂t c
We need a U that satisfies E0 ≡ E + U × B = 0. This assumption requires
that we choose
U⊥ = U − Uk =

E×B
.
B2

(2.11)

Setting Uk = 0 corresponds to expressing Equation (2.9) in the guiding center frame.
After setting σ = 0, i.e., assuming an equal number of forward and backward propagation modes, the new transformation yields



∂f
∂f
e
∂Ui
∂Ui ∂f
∂f
+ (Ui + ci )
+
(c × B)i −
− (Uj + cj )
=
.
∂t
∂xi
mp
∂t
∂xj ∂ci
∂t c
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(2.12)

It is convenient to introduce spherical coordinates (θ = pitch angle, φ =
gyrophase, c = |c|),

cx = c sin θ cos φ; cy = c sin θ sin φ; cz = c cos θ = cµ;
(2.13)
cz
c i bi
cosθ = ; µ =
, c = cx eˆx + cy eˆy + cz eˆz .
c
c
By taking moments of Equation (2.12), we can derive the evolution equations for the
macroscopic PUI variables. For instance, the number density, velocity, and pressure
are

Z
np =

f d3 c;

Z
1
ci f d3 c;
upi =
np
Z
ppij = mp c0i c0j f d3 c,

(2.14)
(2.15)
(2.16)

where c0i = ci − upi . For now, we assume that moments of the collisional term
are zero. Multiplying eq. (2.12) by 1 and integrating with respect to c yields the
continuity equation for PUIs in physical space,

∂np
∂
+
(np (Ui + upi )) = 0,
∂t
∂xi

(2.17)

up is the PUI bulk velocity in the guiding center frame. Equation (2.17) is the
conservation of mass equation. Multiplying eq. (2.12) by ci and integrating over
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velocity space gives the first moment of the transport equation which is
∂
∂
(np (Uj + upj )) + ∇.[np U(Uj + upj ) + np up Uj ] +
∂t
∂xi

Z

ci cj f d3 c

e
=
np jkl upk Bl ,
mp

(2.18)

where jkl is the Levi-Civita tensor. To close eq. (2.18), we need to evaluate the
f = f (x, c, t), the PUI distribution function. Here, we assume the scattering operator
can be represented by a diffusion operator in pitch angle,

∂f
∂
=
∂t c ∂µ



2 ∂f
νs (1 − µ )
,
∂µ

(2.19)

where µ = cos(θ) = (c.b)/c is the cosine of PUI pitch angle and νs = 1/τs is the
scattering frequency. The direction vector b = B/B is the unit vector along the
large-scale magnetic field.
We assume that the PUI gyroperiod is much smaller than other time scales
in the system. Therefore, the PUI distribution function can be assumed to be nearly
gyrotropic. Since the PUI distribution function is independent of gyrophase, we can
average eq. (2.12) over gyrophase to obtain the reduced gyrophase-averaged transport
equation


∂f
1 − µ2
∂Uj
2bi DUi ∂f
∂f
+ (Ui + cµbi )
+
c∇.b + µ∇.U − 3bi bj
−
∂t
∂xi
2
∂xi
c Dt ∂µ



 (2.20)
2
2
1 − 3µ
∂Uj
1−µ
µbi DUi ∂f
∂
2 ∂f
+
bi bj
−
∇.U −
c
=
νs (1 − µ )
,
2
∂xi
2
c Dt
∂c
∂µ
∂µ
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where D/Dt ≡ ∂/∂t + Ui ∂/∂xi is the convective derivative. Equation (2.20) is also
known as the focussed transport equation for non-relativistic particles [123]. The
meaning of each term in eq. (2.20) is discussed by Le Roux & Webb (2012) [124].
The gyrophase-averaged PUI distribution function depends on the pitch-angle
µ  [−1, 1], which suggests that we can use a Legendre polynomial expansion to solve
Equation (2.20). The orthogonality properties of the complete set of Legendre polynomials allow us to rewrite the Equation (2.20) as an infinite set of partial differential
equations in terms of polynomial coefficients of the expansion. The expansion of the
gyrophase-averaged PUI distribution function is

f (x, t, c, µ) =

∞
X
1
n=0

2

(2n + 1)Pn (µ)fn (x, t, c),

(2.21)

where
Z

1

fn (x, t, c) =

f Pn (µ)dµ.

(2.22)

−1

We need to use the orthogonality condition

Z

1

Pm (µ)Pn (µ)dµ =
−1






0



 2/(2n+1)

m 6= n
(2.23)
m=n

Each of the terms in eq. (2.20) should be expanded using the Legendre polynomials Pm (µ) (for more details see Chapter 5 of Zank (2015) [92]). After some algebra,
we obtain an infinite set of partial differential equations in the coefficients fn of the
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Legendre polynomials,


∂fm
cbi
∂fm+1
∂fm−1
∂Uj 1 ∂fm
∂fm
+ Ui
+
(m + 1)
+m
+ cbi bj
∂t
∂xi
2m + 1
∂xi
∂xi
∂xi 2 ∂c


∂Uj 3
m(m − 1)
∂fm−2
∂Uj 3 (m + 1)2
m2
−cbi bj
− cbi bj
+
∂xi 2 (2m − 1)(2m + 1) ∂c
∂xi 2 2m + 3
2m − 1
1 ∂fm
3 ∂Uj (m + 2)(m + 1) ∂fm+2 c ∂Ui ∂fm
− cbi bj
−
2m + 1 ∂c
2 ∂xi (2m + 1)(2m + 3) ∂c
2 ∂xi ∂c


c ∂Ui
m(m − 1)
∂fm−2 c ∂Ui (m + 1)2
m2
1 ∂fm
+
+
+
2 ∂xi (2m − 1)(2m + 1) ∂c
2 ∂xi
2m + 3
2m − 1 2m + 1 ∂c


∂fm+1
∂fm−1
c ∂Ui (m + 1)(m + 2) ∂fm+2 DUi bi
−
(m + 1)
+m
+
2 ∂xi (2m + 1)(2m + 3) ∂c
Dt 2m + 1
∂c
∂c


c ∂bi (m + 2)(m + 1)
m(m − 1)
+
fm+1 −
fm−1
2 ∂xi
2m + 1
2m + 1
×

+
−

1 ∂Ui (m + 1)(m + 2)(m + 3)
1 ∂Ui
m(m + 1)
fm+2 +
fm
2 ∂xi (2m + 1)(2m + 3)
2 ∂xi (2m − 1)(2m + 3)

3
1 ∂Ui m(m − 1)(m − 2)
∂Uj (m + 1)(m + 2)(m + 3)
fm−2 − bi bj
fm+2
2 ∂xi (2m + 1)(2m − 1)
2
∂xi
(2m + 1)(2m + 3)

3
∂Uj
m(m + 1)
3
∂Uj m(m − 1)(m − 2)
− bi bj
f m + bi bj
fm−2
2
∂xi (2m − 1)(2m + 3)
2
∂xi (2m + 1)(2m − 1)


m(m − 1)
m(m + 1)
bi DUi (m + 1)(m + 2)
fm+1 −
fm−1 = −ν
fm .
−
c Dt
2m + 1
2m + 1
2
(2.24)

Equation (2.24) is equivalent to the focused transport eq. (2.20). We can truncate
the infinite set of equations at some arbitrary order to simplify eq. (2.24). For the f1
approximation (i.e., assume fn = 0 ∀ n ≥ 2), on setting m = 0, we have

∂f0
∂f0 c ∂Ui ∂f0
∂f1 DUi ∂f1
∂bi
bi DUi
+ Ui
−
= −cbi
+
bi
−c
f1 + 2
f1 ,
∂t
∂xi 3 ∂xi ∂c
∂xi
Dt ∂c
∂xi
c Dt
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(2.25)

If we set m = 1 and neglect all terms with indices having i ≥ 2, we obtain
∂f1 2
∂Uj ∂f1 2 ∂Ui ∂f1 1 ∂Ui
3
∂Uj
∂f1
+ Ui
− cbi bj
+ c
+
f 1 − bi bj
f1
∂t
∂xi 5
∂xi ∂c
5 ∂xi ∂c
5 ∂xi
5
∂xi
cbi ∂f0 DUi bi ∂f0
= −νf1 −
+
,
3 ∂xi
Dt 3 ∂c

(2.26)

showing that the f1 Legendre coefficients can be expressed in terms of the lower order
Legendre coefficients f0 . We assume that the zeroth-order coefficient is f0 and that
f1 is much smaller than f0 . We also assume that the scattering frequency, νs , is
large which ensures the rapid scattering of the charged particles (i.e., driving the
particle distribution to be nearly isotropic) and thus the term νs f1 ∼ O(f0 ). Under
the assumptions, approximate solution of eq. (2.26) is

νf1 ' −

cbi ∂f0 DUi bi ∂f0
+
.
3 ∂xi
Dt 3 ∂c

(2.27)

The second term in eq. (2.27) is sometimes called the relativistic heat inertia term
in the relativistic transport theory of cosmic rays [125, 126]. If we assume that
the background flow does not have any large-scale accelerations or gradients (i.e.,
DUi /Dt = 0), the f1 term can be expressed as a diffusion term,

f1 = −

cτ bi ∂f0
1 ∂f0
= − kbi
,
3 ∂xi
c ∂xi
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(2.28)

where k = c2 τ /3 is the diffusion coefficient. Equation (2.27) yields
∂f0 c ∂Ui ∂f0
∂f1
∂bi
∂f0
+ Ui
−
= −cbi
−c
f1
∂t
∂xi 3 ∂xi ∂c
∂xi
∂xi


∂
∂
∂f0
=−
(bi cf1 ) =
bi kbj
.
∂xi
∂xi
∂xj

(2.29)

c
∂f0
∂f0
+ U · ∇f0 − ∇ · U
= ∇ · (K · ∇f0 ),
∂t
3
∂c

(2.30)

or

where K is the diffusion tensor.
For the f2 approximation (i.e., assume fn = 0 ∀ n ≥ 3), we have on setting
m = 0,
∂f0 c ∂Ui ∂f0
∂cbi f1 DUi 1 ∂c2 f1
∂f0
+ Ui
=−
bi
−
+
∂t
∂xi 3 ∂xi ∂c
∂xi
Dt c2 ∂c
1 ∂Uj ∂ 3
1 ∂Ui ∂ 3
(c f2 ) + bi 2 bj
(c f2 ),
− 2
3c ∂xi ∂c
c ∂xi ∂c

(2.31)

and when we set m = 1 and neglect all terms with indices having i ≥ 3, we obtain
∂f1
∂f1 2 ∂f2 2
∂Uj ∂f1 2 ∂Ui ∂f1 2 DUi ∂f2
+ Ui
+ cbi
− cbi bj
+ c
− bi
∂t
∂xi 3 ∂xi 5
∂xi ∂c
5 ∂xi ∂c
3 Dt ∂c
∂bi
1 ∂Ui
3
∂Uj
2bi DUi
cbi ∂f0 DUi bi ∂f0
+c
f2 +
f 1 − bi bj
f1 −
f2 = −νs f1 −
+
.
∂xi
5 ∂xi
5
∂xi
c Dt
3 ∂xi
Dt 3 ∂c
(2.32)
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On setting m = 2, Equation (2.24) yields


∂f2 2 ∂f1 1
∂Uj ∂f2 1
∂Uj ∂f0
3
9 4 ∂f2
∂f2
+ Ui
+ cbi
+ cbi bj
− cbi bj
− cbi bj
+
∂t
∂xi 5 ∂xi 2
∂xi ∂c
5
∂xi ∂c
10
7 3 ∂c


c ∂Ui ∂f2
c ∂Ui ∂f2
c 9 4 ∂Ui ∂f2 2bi DUi ∂f1 c ∂bi
1 ∂Ui
−
+
+
+
−
−
f1 +
f2
2 ∂xi ∂c
15 ∂xi ∂c
10 7 3 ∂xi ∂c
5 Dt ∂c
5 ∂xi
7 ∂xi
3
∂Uj
2 DUi
− bi bj
f 2 + bi
f1 = −3νs f2 .
7
∂xi
5c Dt
(2.33)

On imposing the same constraints as before (i.e., rapid scattering and near isotropy),
the solution for f2 is
cτs
f2 '
15



∂Uj
1 ∂Ui
−
bi bj
∂xi
3 ∂xi



∂f0
.
∂c

(2.34)

The PUI distribution function up to second-order is

1
f ' f0 + µf1 + (3µ2 − 1)f2 .
2

(2.35)

All the terms, f0 , f1 and f2 are independent of pitch-angle, µ, and are functions of
the position, time, and particle random speed, c.
The solution eq. (2.35) is used to derive the correct multi-fluid formation for
PUIs. Consider
Z

3

ci cj f d c =

Z

Z

(ci − upi )(cj − upj )f d c + np upi upj = c0i c0j f d3 c0 + np upi upj
(2.36)


Z
1
0 0
2
3 0
' ci cj f0 + µf1 + (3µ − 1)f2 d c + np upi upj .
2
3
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If we introduce the scalar PUI pressure through

4π
Pp ≡ mp
3

Z

c02 f0 c02 dc0 ,

(2.37)

we can evaluate the two leading order terms in Equation (2.36) as

∂
∂xi

Z

c0i c0j f0 d3 c

1 ∂
(δij Pp ),
=
mp ∂xi

Z

c0i c0j µf1 d3 c = 0.

(2.38)

Therefore, the zeroth- and first-order solutions for the pressure tensor yields an
isotropic scalar pressure Pij = Pp δij only. Since the PUI pressure is defined in the
frame of the bulk PUI velocity, up , the distribution function over which the integral
is taken needs to be evaluated in this frame. Equation (2.35) is a function of the
guiding center velocity U and we need to transform to the frame U0 = U + up . On
evaluating the integral Equation (2.36) at the second order, i.e.,f2 , we obtain

Z

1
2
c02
x (3µ
2



∂Uj0 1 ∂Ui0
η
−
− 1)f2 d c =
− 1)f2 d c =
b i bj
;
2
15
∂xi
3 ∂xi


Z
∂Uj0 1 ∂Ui0
−2η
2
3 0
02 1
cz (3µ − 1)f2 d c =
b i bj
−
;
2
15
∂xi
3 ∂xi
Z
1
c0i c0j (3µ2 − 1)f2 d3 c0 = 0, (i 6= j),
2
3 0

Z

1
2
c02
y (3µ

3 0

(2.39)
(2.40)
(2.41)

where η is the coefficient of viscosity and is defined as

4π
η≡
15

Z

∂ 04
(c cτs )f0 dc0 ,
∂c0
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(2.42)

which is the formal definition of the coefficient of viscosity for the PUI gas. If we
assume that |up |  |c|, we obtain

4π
η'
3

Z

c02 τs f0 c02 dc0 ,

(2.43)

which may be regarded as a PUI pressure moment weighted by the PUI scattering
time. If we assume that τs is independent of c, we obtain η ' Pp τs , which is analogous
to the “classical” form of the viscosity coefficient. Thus the pressure tensor may,
therefore, be expressed as the sum of an isotropic scalar pressure, Pp , and a stress
tensor, Πp , i.e.,



P p = Pp I + Π p ,


 1 0 0


Πp = 
 0 1 0


0 0 −2





0
 η
∂Uk0
1 ∂Um

 15 bk b` ∂x` − 3 ∂xm .



(2.44)

(2.45)

Since ηij = ηji , we find

η
15





0
0
∂Uk0
1 ∂Um
ηkl ∂Uk0
∂Ul0 2 ∂Um
bk bl
−
=
+
− δkl
,
∂xl
3 ∂xm
2
∂xl
∂xk 3 ∂xm
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(2.46)

allowing us to express the stress tensor as

 1 0 0


Πp = 
 0 1 0


0 0 −2






0
 ηkl ∂Uk0
∂Ul0 2 ∂Um

+
− δkl
.
 2
∂xl
∂xk 3 ∂xm



(2.47)

The stress tensor is a generalization of the “classical” form in that several coefficients
of viscosity are present.
The Navier-Stokes-like modification of the PUI momentum equation can be
expressed as


∂
1
e
(np Up ) + ∇ · np Up Up +
IPp =
np (E + Up × B)
∂t
mp
mp


 1 0 0


1
− ∇·
 0 1 0
mp


0 0 −2





 ηkl ∂Upk ∂Upl 2 ∂Upm

+
− δkl
 2
∂xl
∂xk
3
∂xm



=

(2.48)

e
1
np (E + Up × B) −
∇ · Πp ,
mp
mp

where Up = up + U ≡ U0 .
We can multiply the transport Equation (2.12) by c2 /2 and integrate over d3 c
to derive the transport equation for the isotropic PUI pressure. We find that the heat
flux q(x, t) can be expressed as

Z
qi (x, t) ≡

1 02 0 3 0 1
c ci f d c =
2
2

Z

c2 ci f d3 c −
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5
1
upi Pp − np u2p upi .
2mp
2

(2.49)

Since

Z

1 02 0 3 0
c ci f 0 d c = π
2

Z

c03 µbi f0 c02 dc0 = 0,

(2.50)

we obtain

Z

1 02 0
2π
c ci µf1 d3 c0 = −
2
3

Z

c02 kij

1
∂Pp
∂f0 02 0
c dc = − Kij
= qi (x, t).
∂xj
2
∂xj

(2.51)

The PUI heat flux is described in terms of the PUI pressure gradient and consequently
the averaged spatial diffusion coefficient. The diffusion coefficient introduces a PUI
diffusion time and length scale into the multi-fluid system. The diffusion coefficient
is function of τs , i.e.,
Kij ≡ bi

c2 τ s
bj ,
3

(2.52)

and τs is related to the level of background turbulence since that determines the
scattering time. On multiplying the other terms of the transport equation by c2 /2
and integrating over d3 c we obtain
e
ijk Bk
mp

∂Ui
∂xj

Z

Z

e
c2 ∂f 3
cj
d c = − ijk np upi Bk upj ;
2 ∂ci
mp
Z 2
DUi
c ∂f 3
DUi
d c = np upi
;
−
Dt
2 ∂ci
Dt

c2 ∂f 3
5 ∂Ui 1
∂Ui
∂Ui
cj
d c = Pp
+ np u2p
+ np upi upj
.
2 ∂ci
2 ∂xi
2
∂xi
∂xj
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(2.53)

On combining these results, we obtain the transport equation for the PUI pressure

∂Pp
1
+ U.∇Pp + γp Pp ∇.U = ∇.(K.∇Pp ) − (γp − 1)Πp : ∇U.
∂t
3

(2.54)

PUI dissipation therefore introduces a spatial diffusion term and a viscosity term in
the PUI equation of state. The PUI total energy equation has the form





∂ 1
+
np (up + U )2 (upi + Ui )
∂xi 2

γp
1
∂Pp
e
+
Pp (upi + Ui ) − Kij
=
ijk np upj Bk (upi + Ui ).
γp − 1
2
∂xj
mp

∂
∂t

1
1
Pp + np (up + U )2
γp − 1
2

(2.55)

The continuity, momentum, and pressure equations governing the energetic
particles or PUIs are

∂ρp
+ ∇ · (ρp Up ) = 0;
∂t

(2.56)

∂
(ρp Up ) + ∇ · (ρp Up Up + IPp + Πp ) = enp (E + Up × B);
(2.57)
∂t
∂Pp
1
+ Up · ∇Pp + γp Pp (∇ · Up ) = ∇ · (Kp · ∇Pp ) − (γp − 1)Πp : (∇Up ). (2.58)
∂t
3

The multi-fluid system of equations is given by equations Equations (2.6)
to (2.8) and Equations (2.56) to (2.58), together with Maxwell’s equations

E = −U × B;

∂B
= −∇ × E; µ0 J = ∇ × B; ∇ · B = 0,
∂t

where µ0 is the permeability of free space.
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(2.59)

2.4

Reduced Single-Fluid-Like Model

The multi-fluid system can be reduced to a single-fluid-like model by making
some assumptions since the solution of the multi-fluid model is very complicated. We
can assume that Up ' us = Ui (i.e., the overall proton velocity which is the thermal
background protons and PUIs velocity) since newly generated PUIs will co-move with
the background plasma flow by virtue of the pick-up process. Moreover, protons are
typically the dominant term for the plasma bulk flow velocity since the PUI number
density is small. The PUIs and thermal proton equations can be combined as one set of
continuity and momentum equations by introducing the total proton number density
ni = ns + np . The thermal proton and PUI continuity and momentum equations are

∂ni
+ ∇.(ni Ui ) = 0;
∂t

mp ni

∂Ui
+ Ui .∇Ui
∂t

(2.60)


= −∇(Ps + Pp ) + eni (E + Ui × B) − ∇.Πp .

(2.61)

The pressure equations need to be incorporated separately, since energetic particles
or PUIs are not thermally equilibrated with the background thermal plasma.
To obtain an MHD-like system of equations, we should combine the proton
and electron Equations (2.6) to (2.8). New macroscopic variables are defined as

ρ ≡ me ne + mp ni ; q ≡ −e(ne − ni ); ρU ≡ me ne ue + mp ni Ui ; J ≡ −e(ne ue − ni Ui ).
(2.62)
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We define the smallness of the mass ratio as ξ ≡ me /mp  1 and therefore the
quantities in Equation (2.62) can be expressed as

ne =
ue =

ρ
ρ + ξ(mp /e)q
ρ
ρ − (mp /e)q
'
; ni =
'
;
mp (1 − ξ)
mp
mp (1 + ξ)
mp

mp J
ρU + ξ(mp /e)J
ρU − (mp /e)J
'U−
; ui =
' U.
ρ − (mp /e)q
eρ
ρ + ξ(mp /e)q

(2.63)
(2.64)

On using the approximation ξ  1 in Equation (2.63) and Equation (2.64), we
are able to combine the continuity and momentum equations to rewrite the thermal
proton and electron pressure in terms of the single-fluid macroscopic variables as


ρ

∂U
+ U · ∇U
∂t

∂ρ
+ ∇ · (ρU) = 0;
∂t

(2.65)

= −∇(Pe + Ps + Pp ) + J × B − ∇ · Πp ;

(2.66)



∂Ps
+ U.∇Ps + γs Ps ∇ · U = 0;
∂t
∂Pe
mp
γe mp
J
+ U · ∇Pe + γe Pe ∇ · U =
J · ∇Pe +
Pe ∇ · ( ).
∂t
eρ
e
ρ

(2.67)
(2.68)

We may assume that the current density, J, is much less than the momentum flux,
|ρU|, and so the right hand side of the eq. (2.68) can be neglected. On letting
γs = γe = γg , we can combine the thermal electron and proton equations in a single
thermal plasma pressure equation as

∂Pg
+ U · ∇Pg + γg Pg ∇ · U = 0,
∂t

where Pg ≡ Pe + Ps .

72

(2.69)

An equation for the electric field, E, is needed. We multiply the respective
momentum equations by the proton or electron charge, sum the two resulting equations, and use the approximation ξ ≤ 1 in Equation (2.63) and Equation (2.64) to
obtain


 m 2 1  ∂J
mp
p
+ ∇ · (JU + UJ) =
∇Pe − J × B − ξ∇(Ps + Pp )
ξ
e
ρ ∂t
eρ

−ξ∇ · Πp + E + U × B,

(2.70)

term which we obtain the generalized Ohm’s law,

E = −U × B −

mp
(∇Pe − J × B − ξ∇Pp ).
eρ

(2.71)

The PUI pressure is kept in the Equation (2.71) since it can be a high temperature
component of the plasma system and ξPp could be comparable to the Pe term. Equation (2.71) yields the usual form of the Ohm’s law if the Hall current and electron
and PUI pressure are neglected. Using all these approximations, we may combine
the continuity and momentum equations in the form of a single-fluid-like model.
The reduced single-fluid-like model equations together with the Maxwell equations is
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therefore given by

∂ρ
+ ∇ · (ρU) = 0;
∂t
∂U
+ U · ∇U) = −∇(Pg + Pp ) − ∇ · Πp + J × B;
∂t
∂Pg
+ U · ∇Pg + γg Pg ∇ · U = 0;
∂t
∂Pp
1
+ U · ∇Pp + γp Pp ∇ · U = ∇ · (Kp · ∇Pp ) − (γp − 1)Πp : (∇U);
∂t
3


∂ 1 2
1
Pp
Pg
1 2
γp
ρU +
+
+
B + ∇ · ( ρUU 2 +
Pp U
∂t 2
γp − 1 γg − 1 2µ0
2
γp − 1
ρ(

(2.72)
(2.73)
(2.74)
(2.75)

(2.76)

γg
1
1
1 Kp
+
Pg U + B 2 U − U · BB + Πp · U −
· ∇Pp ) = 0.
γg − 1
µ0
µ0
γp − 1 3
The single-fluid-like model of equations (Equations (2.72) to (2.76)) differs
from the standard MHD model in that a separate description for the PUIs is provided. The PUIs are nonisotropic and introduce both collisionless heat conduction and
viscosity into the system. The single-fluid-like model is related to to the so-called twofluid MHD system of equations used to describe cosmic ray mediated plasma [12,127].
However, the two-fluid MHD model assumes that the cosmic ray number density is
negligible unlike the derivation of this model.
Since the magnetic field was assumed to be along the z axis initially, we need
to consider an arbitrary orientation of the magnetic field. Thus, we rotate Equa-
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tion (2.72)-Equation (2.76) through an angle θ using the standard rotation matrix




0
0
 1


R=
 0 cos θ − sin θ


0 sin θ cos θ




.




(2.77)

The rotation matrix rotates the coordinate along the x axis by a counterclockwise
angle θ. After using the rotation matrix, we obtain

∂ρ
+ ∇ · (ρU) = 0;
∂t

(2.78)

∂U
+ U · ∇U) = −∇(Pg + Pp ) − ∇ · Π0p + J × B;
(2.79)
∂t
∂Pg
+ U · ∇Pg + γg Pg ∇ · U = 0;
(2.80)
∂t

∂Pp
1
+ U · ∇Pp + γp Pp ∇ · U = ∇ · K0p · ∇Pp − (γp − 1)Π0p : (∇U);
(2.81)
∂t
3


Pp
Pg
1 2
γp
γg
1
∂ 1 2
ρU +
+
+
Pp U +
Pg U
B + ∇ · ( ρUU 2 +
∂t 2
γp − 1 γg − 1 2µ0
2
γp − 1
γg − 1
ρ(

+

1 2
1
1 K0p
· ∇Pp ) = 0;
B U − U · BB + Π0p · U −
µ0
µ0
γp − 1 3
(2.82)

E = −U × B;

∂B
= −∇ × E; µ0 J = ∇ × B; ∇ · B = 0,
∂t
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(2.83)

where




0
0
 K⊥


K0p = 
Kk cos2 θ + K⊥ sin2 θ (−Kk + K⊥ ) sin θ cos θ
 0


0 (−Kk + K⊥ ) sin θ cos θ Kk sin2 θ + K⊥ cos2 θ


0
0
 1


2
Π0p = 
3 sin θ cos θ
 0 −2 cos2 θ + sin θ


0
3 sin θ cos θ
−2 sin2 θ + cos2 θ




,




(2.84)





 ηk`
∂Uk 1 ∂Um

 15 bk bl ∂x` − 3 δk` ∂xm ,


(2.85)

and

ηk`
15



∂Uk 1 ∂Um
bk bl
− δk`
∂x`
3 ∂xm





1 ∂Ux
2
≡ ηp cos θ −
.
3 ∂x

(2.86)

All the equations are invariant with respect to the rotation except the stress
tensor and the diffusion tensor, they can vary in directions parallel and perpendicular
to the directions of the magnetic field.
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By taking the integral of the one-dimensional steady-state model, the conservation laws for mass, momentum, and energy fluxes are

ρUx = const;
ρUx2 + Pg + Pp +
ρUx Uy −

By2
+ Π0xx = const;
2µ0

1
Bx By + Π0xy = const;
µ0

1
γg
γp
1
ρUx (Ux2 + Uy2 ) + By (Ux By − Uy Bx ) +
Pg Ux +
Pp Ux
2
µ0
γg − 1
γp − 1
K0
1 ∂Pp
− xx
+ Ux Π0xx + Uy Π0yx = const.
3 γp − 1 ∂x
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(2.87)
(2.88)
(2.89)

(2.90)

CHAPTER 3

STRUCTURE OF ENERGETIC PARTICLE MEDIATED
HYDRODYNAMIC SHOCKS

In Chapter 2, we derived a PUI-mediated plasma model. Here, we use the
derived single-fluid-like model to study the structure of hydrodynamic shock waves.
We show that the incorporation of both a collisionless PUI heat flux and a higherorder PUI viscosity can completely determine the structure of collisionless shocks
mediated by energetic ions. Since the reduced form of the PUI-mediated plasma
model is structurally identical to the classical cosmic ray two-fluid model (Axford et
al. (1982) [12]), we note that the presence of viscosity at least formally eliminates
the need of a gas sub-shock in the classical two-fluid model, including in that regime
where three sub-shocks are possible. By considering parameters upstream of the HTS,
we numerically simulate the HTS and show that the thermal gas remains relatively
cold and the shock is mediated by PUIs. This chapter is adapted from Mostafavi et
al. (2017a,b) [65, 128].
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3.1

Introduction

Energetic particles (such as PUIs, SEPs, and ACRs) affect all facets of space
plasma. They are thought to play a fundamental role in the dissipative process at
shock waves and in determining their structure. Understanding the dynamical effect
of energetic or suprathermal particles is assuming increasing interest for shocks in the
heliosphere. Numerous observations of shock waves reveal that the energetic particle
component has a pressure that exceeds considerably both the thermal gas pressure
and the magnetic field pressure. For example, Lario et al. (2015a,b) and Russell et
al. (2013) [5,31,32] presented detailed observations of interplanetary shocks around 1
AU that are completely dominated dynamically by energetic particles whose pressure
exceeds the background thermal plasma and the compressed magnetic field. Not only
are these shocks dominated by energetic particles dynamically but also, as noted by
Russell et al. (2013) [31], the characteristics of the shock itself no longer resemble
those expected from a simple MHD shock description [30].
In the IHS, interplanetary shocks transmitted through the heliospheric termination shock [89, 91] propagate into a region dominated thermally by PUIs and
ACRs [10]. Shocks propagating into such an environment must inevitably be mediated by energetic particles. Finally, the HTS observed by Voyager 2 [64, 84] was
overall very broad. Florinski et al. (2009) [9] modeled the HTS using an ACRmediated model to show that the precursor that extended ∼ 0.3 AU upstream of the
shock might be due to the mediation of the shock by ACRs.
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Most of the thermal gas plasma in the VLISM and the heliosphere is not equilibrated with the ubiquitously present energetic particles. Zank et al. (2014) [114]
addressed the incorporation of suprathermal PUIs into plasma models of the supersonic solar wind beyond 10 AU, the IHS and the VLISM (see Chapter 2 for more
details). Although focused on PUIs, the approach of Zank et al. (2014) [114] is of
sufficient generality that it applies to any non-equilibrated plasma system comprising
a dynamically important energetic particle component that is distinct and differentiated from the thermal plasma. PUIs are governed by a transport equation that reflects
the physics of particle scattering in low frequency turbulence and Alfvén waves. The
model equations show that energetic particles, by virtue of their transport through
scattering with low-frequency magnetic turbulence (pitch angle scattering), introduce
a collisionless heat flux and collisionless viscosity via the stress tensor into the plasma
system (details in Chapter 2). Both the viscosity and heat flux are dissipative terms
and therefore play a central role in determining the structure of shocks [129].
Although our focus is on the role that PUIs and SEPs play in determining
the structure of heliospheric shocks, the model equations developed by Zank et al.
(2014, 2016) and Zank (2016) [3,27,114] are strikingly similar to the so-called galactic
cosmic ray two-fluid model [12, 29]. A surprising result obtained from the galactic
cosmic ray two-fluid model was that the steady state analysis shows that multivalued
downstream solutions exist for a fixed upstream state. In discussing the structure of
cosmic ray shocks, Axford et al. (1982) and Drury & Völk (1981) [12, 29] found that
in some Mach number regimes there are no smooth physical solutions connecting the
upstream to the downstream state and a gas-mediated sub-shock should be fitted.
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Their work was extended by Webb (1983) [127] to the case of a steady oblique MHD
shock, including the back reaction from the diffusive acceleration of cosmic rays, with
similar results.
Axford et al. (1982), Drury & Völk (1981), and Webb (1983) [12,29,127] introduced a relatively simple hydrodynamic (or magnetohydrodynamic) model in which
galactic cosmic rays or energetic particles were assumed to have a negligible number
density and to contribute to the dynamically coupled system only through their pressure and energy density. To close the system, the energetic particles were assumed
to be nearly isotropic, to be scattered by magnetic fluctuations (typically assumed
to be Alfvénic) in a super-Alfvénic flow, and governed by the Parker-Gleeson-Axford
transport equation (i.e., a transport equation correct to the first-order in anisotropy).
By taking the appropriate moment of the transport equation, an equation for the
cosmic ray pressure, Pc , is derived in which a heat conduction-like term O.(K.OPc )
is present. As found by Axford et al. (1982) and Drury & Völk (1981) [12, 29], the
effect of the spatial diffusion term in the energetic particle pressure equation is not
unlike that in the Navier-Stokes equations of conventional hydrodynamics. When
the upstream cosmic rays have a sufficiently large pressure, cosmic ray heat conduction is enough to smooth the shock discontinuity between the upstream state and
the downstream state. Like hydrodynamics, heat conduction alone is sometimes insufficient to determine formally the structure of all possible shocks, and there are
occasions when a sub-shock is necessary. In the case of classical hydrodynamics, the
further inclusion of viscosity is sufficient to ensure that all gas dynamic shocks possess structure (e.g., Whitham (1974) [129]). As discussed originally by Earl (1988),
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Jokipii & Williams (1992), and Webb (1989) [126, 130, 131] in their description of the
cosmic ray transport equation, the inclusion of higher-order terms introduces a form
of cosmic ray viscosity. For the case of PUIs, this was revisited recently by Zank
et al. (2016,2017) [27, 114] who developed a collisionless form of Chapman-Enskog
expansion for a multi-component plasma comprising thermal electrons, protons and
energetic particles (such as PUIs, ACRs or SEPs). Zank et al. (2014, 2016) [27, 114]
showed that their model was structurally identical to the two-fluid model used by
Drury & Völk (1981) and Axford et al. (1982) [12, 29], but now including viscosity
that is introduced by energetic particles.
The question we consider here is, analogous to classical gas dynamics, what role
do both PUI collisionless heat conduction and collisionless viscosity play in determining the structure of energetic particle mediated shocks through the heliosphere? We
note that this question is of more than academic interest for several reasons. The first
is in identifying the possibility that higher-order physical processes associated with
energetic particles are responsible for the dissipation at a collisionless shock. In introducing a gas sub-shock, the physical assumption is that the thermal gas is responsible
for dissipation of energy at small scales, hence the thermal gas will be heated. However, it is possible that a distinct population of energetic particles such as PUIs can
provide the needed additional dissipation, as appears to be the case at the HTS and
at shocks in the distant outer heliosphere [44,55,63,80,81], in which case the thermal
gas will not be heated dissipatively and a quite different downstream state can result.
The assumed physical dissipation process at the smallest scale can therefore have an
important impact on the nature of the shock transition. Secondly, we draw atten82

tion to the possibility that the model sub-shock assumptions may impact the design
of numerical algorithms that use a form of two-fluid model to incorporate energetic
particles. Thirdly, in some Mach number regimes for a relativistic particle population (γp < 5/3), three different downstream states for one specific upstream state are
possible, and it has been a puzzle for many years to determine which downstream
state should be chosen. Many papers [132–136] attempted to identify the most stable
downstream state by using various forms of stability analyses and time dependent
approaches. Of these three different downstream solutions, the one in which cosmic
ray acceleration efficiency is intermediate was found to be unstable [137]. Becker
& Kazanas (2001) [133] used the two-fluid model to investigate possible cosmic ray
mediated shock structures for various values of cosmic ray pressure and gas adiabatic
indices. They concluded that when multiple downstream solutions are possible, the
correct solution was that with the largest overall compression ratio and the weakest
sub-shock and hence the smallest thermal gas pressure.
The question of whether a unique sub-shock transition was possible was investigated by Donohue et al. (1994) and Saito et al. (2013) [132, 134] based on
a modified galactic cosmic ray two-fluid model [138], using a time-dependent code.
Donohue et al. (1994) [132] showed that the time asymptotic solution is strictly
single-valued. They have indicated that the cosmic ray dominated downstream solution is the preferred steady state solution in certain regions. They used a standard
finite-difference approach [139] in which the cosmic ray pressure was treated as a
source term for the gas dynamic equations. The cosmic ray pressure equation was
solved separately using a Crank-Nickelson solver. The gas dynamic equations were
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solved using a finite-difference two-step Lax-Wendroff scheme. Such schemes typically include a quadratic artificial viscosity to simulate dissipation in the thermal
gas and to smooth high-frequency numerical noise that is typically present in finitedifference shock capturing schemes. Although Donohue et al. (1994) [132] did not add
a numerical viscosity, it did illustrate that the design of numerical algorithms can reflect certain assumptions regarding the physics of the underlying dissipative processes
that might not reflect accurately the physics of the problem. For example, in a multicomponent collisionless plasma, it may well transpire that the dominant dissipative
processes are PUI collisionless heat conduction and energetic particle collisionless viscosity. Accordingly, we investigate in this Chapter the structure of energetic particle
mediated hydrodynamic shocks in the presence of the energetic particle collisionless
heat flux when either collisionless energetic particle viscosity or thermal gas viscosity
is included. For the present, we neglect the presence of magnetic fields, addressing
this in the next Chapters.
We note that Jokipii & Williams (1992) [131] considered the effect of galactic
cosmic ray viscosity on the structure of a cold thermal gas shock mediated by cosmic
rays. However, for a cold thermal gas in the hydrodynamic case, all transitions are
smooth and a sub-shock is always absent, implying that there is little reason, in fact,
to even consider incorporating either thermal gas or cosmic ray viscosity.
In this chapter, we use the model presented in Chapter 2 to investigate the
structure of shock waves in the presence of PUIs, SEPs, and ACRs by neglecting the
magnetic field. In the case of the outer heliosphere and the IHS, the plasma beta is
large ( 1) by virtue of the pressure of PUIs and ACRs. In the IHS, strongly mediated
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shocks [5, 31] will also have a plasma beta  1. In the first part of this Chapter, we
specifically consider the dissipative role that both the energetic particle collisionless
heat flux and viscosity play in determining the structure of collisionless heliospheric
shock waves. We show that the incorporation of both energetic particle collisionless
heat flux and viscosity is sufficient to completely determine the structure of a shock.
We show that during the shock transition, PUIs are heated more than the thermal gas
because of the dissipation terms associated with the PUIs. This is certainly consistent
with observations of the HTS that show that the primary dissipation mechanism is
from reflected PUIs [63] as predicted by Zank et al. (1996) [55]. In the next part of
this Chapter, we consider the general case where the thermal gas distribution function
is weakly non-isotropic, which allows for the incorporation of thermal gas dissipation
via heat conduction and thermal viscosity to compare with models in which a gas
sub-shock is added. We investigate shock structure assuming either an energetic
particle viscosity or a thermal gas viscosity. We examine these cases by comparing
the pressure distribution between the thermal gas and the energetic particles. In the
last part, we consider formally the case in which a two-fluid model has a downstream
state that exhibits three different sub-shocks. Finally, we summarize our results about
shock structure when mediated by energetic particles such as PUIs, ACRs, and SEPs.

3.2

PUIs and SEPs Mediated Shock Structure

The PUI-mediated plasma model derived in Chapter 2 can be used in a variety
of applications. One is determining the structure of shocks mediated by energetic
particles. In this Chapter, we extend the seminal paper of Axford et al. (1982) [12]
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by taking into account that the dissipation terms are due to the energetic particle
collisionless heat flux and collisionless viscosity in the system. The single-fluid-like
PUI-mediated hydrodynamic form of the equations presented in Chapter 2 is used
here. The one dimensional continuity, momentum and pressure equations governing
the non-thermal PUIs and the isotropic thermal background gas are given by
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.
The viscosity term in a one-dimensional form may be expressed as Πp = − 34 ηp dU
dx
The ηp is the coefficient of the PUI collisionless viscosity [114, 131] and is typically
assumed to be constant. Zank et al. (2014) [114] showed that ηp can be approximated
as ηp ∼
= Pp τs which is analogous to the classical definition of viscosity.
By taking the integral of the Equations (3.1) to (3.4), one can find the steady
state equations of mass, momentum, and energy flux in conservative form, yielding
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(3.5)
(3.6)
(3.7)

3.2.1

Shock Structure
In this section, we derive the shock structure equation in the presence of both

the PUI collionless heat flux and viscosity. The subscript 1 represents the plasma
quantities far upstream. The inverse compression ratio, y = U/U1 = ρ1 /ρ, is introduced here as a quantity to study the shock structure [12, 129].
The background thermal gas is piecewise isentropic and Pg ρ−γg is constant
through the shock if the shock is smooth and there is no gas sub-shock present.
However, this is not true at a gas sub-shock, as discussed in [12, 29], where the
entropy increases. In this case, some dissipation is added to the background thermal
gas.
The energy and momentum flux equations yield,
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2
where Ms1
= ρ1 U12 /γPg1 = U12 /a2g1 is the gas Mach number far upstream and ag1 is

the thermal gas sound speed.
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One second-order ordinary differential equation can be obtained from Equation (3.9) and Equation (3.8) for the structure of the shock,
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The normalized form of the shock structure equation

may be written as,
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2
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where x is x normalized to the diffusion length scale, i.e. x ≡ x/LD , LD ≡ (Kp /U1 ),
and Schp ≡ (ηp /ρ1 Kp ) is the Schmidt number. The Schmidt number is defined as
the ratio of momentum diffusivity (kinematic viscosity) and heat flux. Preliminary
results for the PUI modified shock wave structure were presented in Mostafavi et al.
(2016) [140].
Equation (3.12) is the shock structure equation in the presence of both PUI
heat flux and viscosity. The shock structure equation in the absence of collisionless
viscosity was investigated by Axford et al. (1982) [12]. If we multiply Equation (7.23)
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by ηp and then let ηp tend to zero, we obtain the same equation derived by [12],

dy
3U1 γp (1 − y)P (y)
.
=
2
dx
Kp γg Ms1
(( yys )γg +1 − 1)

(3.13)

Equation (3.13) has two solution regimes. The first regime yields smooth
transitions from an upstream state y = 1 to a downstream state y∞ and has an
unique solution. These solutions represent the class of smoothed shocks mediated
completely by energetic particles. The second regime is not physical and corresponds
to double-valued solutions with a turning point at the sonic point and a smooth
transition from upstream to downstream is not possible. As discussed by Whitham
(1974) [129] the sonic point y = ys (or u2 = a2g ) is the point that corresponds to
wave breaking and when the derivative of y is infinite. All shocks from the upstream
state to a downstream state are smooth if y∞ > ys , and an example is presented in
Figure 3.1(a). This smooth structure is always present for a cold thermal gas, since
it has an infinite sonic Mach number and the sonic point is zero, i.e. y∞ is always
larger than the sonic point and all shocks in a cold thermal gas are smoothed by
the energetic particle heat flux. On the other hand, the integral is unphysical and
double-valued when ys > y∞ , and an example is shown in Figure 3.1(b). Drury &
Völk (1981) and Axford et al. (1982) [12,29] introduced a gas sub-shock to connect the
downstream state to the upstream state. They assumed that since the heat conduction
associated with the energetic particles is not sufficient to smooth the shock structure,
a thermal gas dissipation term (gas sub-shock) must be added to affect the shock
transition. Therefore, in this case the primary dissipation mechanism at the inserted
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(a)

(b)

(c)

(d)

Figure 3.1: Shock structure in the absence of the collisionless PUI (γp = 5/3) or
anomalous cosmic ray (γp = 4/3) viscosity. Here γg = 5/3, and Pp1 /P1 = 0.01.
Following [12] a gas sub-shock is typically added to connect the downstream and upstream states, as illustrated by the jump in y to the downstream solution (green
dashes). Red dashes correspond to the Rankine-Hugoniot condition downstream
state, y∞ . a: Ms1 = 14 and γp = 4/3. A smooth transition exists between the
upstream and downstream states. b: Ms1 = 2 and γp = 4/3. Solutions are doubledvalued and a smooth transition is not possible. c: Same as Figure 3.1(a), except here
γp = 5/3. d: Same as Figure 3.1(b), except here γp = 5/3.

sub-shock is assumed to be provided by the thermal gas. The assumption of an
unspecified thermal gas dissipation mechanism may not always be true in some shock
structures. Zank et al. (1996) [55] predicted that the primary dissipation mechanism
at the HTS is provided by reflected PUIs and not by thermal solar wind protons.
This is what was seen at the HTS. As reported by Richardson et al. (2008) [63],
the downstream thermal plasma temperature observed by Voyager 2 was not 106
K or more as anticipated. Instead the bulk of the heating at the HTS goes into
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PUIs (PUIs are preferentially reflected at the cross-shock electrostatic potential of
the HTS, [63, 81, 115]). Richardson et al. (2008) [63] concluded that the transmitted
thermal solar wind proton distribution is a heated Maxwellian with a flattened peak.
There are no reflected solar wind protons downstream of the shock and almost all
of them get transmitted through the shock without any reflection. Consequently,
the basic dissipation process at the HTS is due not to thermal protons but to the
nearly-isotropically shell-distributed PUIs, making the insertion of a gas sub-shock
inappropriate for this particular physical setting. Particles with an adiabatic index
4/3 are completely relativistic, such as solar energetic particles. However, PUIs are
not relativistic and their adiabatic index is close to 5/3. As shown in Figure 3.1(c) &
Figure 3.1(d) and Figure 3.2(c) & Figure 3.2(d) the non-relativistic particle mediated
shock is weaker and thus has a smaller compression ratio compared with shocks in
the presence of relativistic particles.
Another curious characteristic of the two-fluid model is that in some Mach
number regimes, three different gas sub-shocks can be fitted to a single upstream
state. It is not obvious which downstream state should be chosen. This is discussed
further below in Section 3.4.
Equation (3.12) is a second-order differential equation and can be expressed
as a first-order system of equations. It has two critical points that correspond to
the upstream state (y = 1) and the downstream state (the root of P (y) = 0 or
y = y∞ , where it is an attractor node). There is no singular point that makes the
derivative of y infinity. Only a single-valued solution exists and no double-valued
solutions are admitted. As a result, all transitions between the upstream state and
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(a)

(b)

(c)

(d)

Figure 3.2: Smoothed shock transitions when the collisionless anomalous cosmic
ray or PUI viscosity is present. Here γg = 5/3, and Pp1 /P1 = 0.01. Red dashes
correspond to the Rankine-Hugoniot condition downstream state, y∞ . a: Ms1 = 14
and γp = 4/3 (all parameters are the same as Figure 3.1(a)). b: Ms1 = 2 and γp = 4/3
(all parameters are the same as Figure 3.1(b)). c: Same as Figure 3.2(a), except here
γp = 5/3. d: Same as Figure 3.2(b), except here γp = 5/3.

the downstream state are smooth and there is no need to add a gas sub-shock. The
combination of energetic particle heat conduction and viscosity is sufficient to smooth
all energetic particle mediated shocks in the absence of a magnetic field. In a formal
sense, this result carries over to the cosmic ray two-fluid model as well, although the
distinction between cosmic rays and thermal particles is often blurred since cosmic
rays are assumed to emerge from the thermal background plasma [141].
Solutions for two different Mach numbers for the viscous-heat conduction
Equation (3.12) are shown in Figures 3.2(a) to 3.2(d). They have the same pa-
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rameters as those used in Figure 3.1. As is shown, the energetic particle viscosity is
sufficient to completely smooth the shock transition from the upstream to the downstream state. Figure 3.2(b) and Figure 3.2(d) show that a smooth transition exists
where previously the double-valued solution ensured that a sub-shock was required.
Note that for the relativistic particles shock the downstream state behind the gas
sub-shock is completely different from the downstream state of the energetic particle viscosity case (Figure 3.1(b)). The downstream state of the energetic particle
viscous-heat conduction case corresponds to the Rankine-Hugoniot downstream state
obtained from Equations (3.5) to (3.7) by setting the gradient terms to zero. However,
the gas sub-shock does not jump to the Rankine-Hugoniot downstream state. The
difference is that in fitting a gas sub-shock, it is assumed that there is an unspecified
thermal dissipative process that acts only on the thermal gas which is non-relativistic.
As mentioned above, in the presence of energetic particles, it is not clear that such
an assumption is always warranted. The non-relativistic energetic particles or PUIs,
however, have the same downstream state with the gas sub-shock since they both
have the same adiabatic indices. We saw that only one gas sub-shock exists for
PUIs and there is no regime admitting three gas sub-shocks. Becker and Kazanas
(2001) [133] showed that as the adiabatic index of energetic particles approaches
γg = 5/3, the region of multiple solutions (three different downstream solutions) is
narrowed and converges to a single solution since energetic particles and thermal gas
become equivalent. Even for a small value of Pp1 /Pg1 , as the upstream Mach gas
number increases, the energetic particle pressure soon dominates. Examples in which
Ms1 = 14 and Pp1 /Pg1 = 0.01 are shown in Figure 3.3(a) and Figure 3.3(c) illustrating
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(a)

(b)

(c)

(d)

Figure 3.3: PUI and thermal gas pressure normalized to the thermal gas pressure
far upstream. Here γg = 5/3, and Pp1 /P1 = 0.01. a: Ms1 = 13 and γp = 4/3 (all the
parameters are the same as Figure 3.2(a). b: Ms1 = 2 and γp = 4/3 (all parameters
are the same as Figure 3.2(b)). c: Same as Figure 3.3(a), except here γp = 5/3. d:
Same as Figure 3.3(b), except here γp = 5/3.
.
the dominance of the energetic particle pressure. Shocks with small thermal gas sonic
Mach numbers and small initial PUI pressure far upstream remain dominated by the
thermal gas (Figure 3.3(b) and Figure 3.3(d)).

3.2.2

Simulation of the HTS
Voyager 2 measured the temperature of the thermal gas upstream of the HTS

to be 20, 000 K. Zank et al. (2014) and Burrows et al. (2010) [80, 81] used Voyager 2
observations to estimate the PUI temperature upstream of the HTS as Tp ' 1.56×106
K. Even though the PUI number density is ∼ 25% that of the thermal protons,
94

the PUI pressure, Pp1 ' 5.38 × 10−15 Pa is much greater than that of thermal gas
Pg1 ' 2.76 × 10−16 Pa, i.e., Pp1  Pg1 . PUIs are the dominant internal energy
component upstream of the HTS and the thermal gas possesses only about 5% of the
total internal energy. Although a single crossing of the HTS was expected, Voyager
2 crossed the HTS multiple times. Richardson et al. (2008) [63] used observations to
determine the properties of these crossings. We numerically simulate the second HTS
crossing by Voyager 2, TS-2, using the Richardson et al. (2008) [63] observations.
TS-2 moved with a speed of about 90 km/s in the outward direction. Figure 3.4(a)
and Figure 3.4(b) are plots of the inverse compression ratio and the normalized PUI
and thermal gas pressures as a function of normalized distance. From Figure 3.4(a),
the HTS compression ratio is r = u1/u2 = ρ2 /ρ1 ' 3, which is a little greater than
the value r = B2 /B1 ≈ 2.38, measured by Burlaga et al. (2008) [8] based on the
observation that the shock was highly perpendicular. Figure 3.4(b) shows that the
thermal gas experiences almost no heating at the shock (being heated adiabatically),
with the incident ram pressure being converted almost entirely to PUI pressure.
Figure 3.4(c) and Figure 3.4(d) show unnormalized plots of the PUI and thermal gas temperature profiles as a function of unnormalized distance. The thermal
gas downstream temperature is about 1.27 × 105 K and the PUI temperature is about
1.82 × 107 K. These temperatures are consistent with the temperatures determined by
Zank et al. (2010) [81] and from Voyager 2 observations [63]. The total temperature
downstream of the HTS, on the assumption that np = 0.25ng , is calculated to be
about 3.69 × 106 K. This is consistent with the estimated total temperature downstream of the HTS by Zank et al. (2010) [81], which was about 3.4 × 106 K. The
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Figure 3.4: Smoothed shock transition corresponding to HTS parameters when both
the collisionless PUI heat flux and viscosity are included. Here γg = 5/3, γp = 5/3,
Pp1 /P1 = 19.5, and Ms1 = 13.8. a: Inverse compression ratio showing the smoothed
shock. b: PUI and thermal gas pressure normalized to the thermal gas pressure far
upstream. The HTS is mediated by energetic particles with almost all the upstream
ram energy being converted to downstream PUI internal energy. c: The unnormalized
thermal gas temperature through the shock as a function of unnormalized distance
shows that thermal gas remains relatively cold. d: The unnormalized PUI temperature through the shock as a function of unnormalized distance shows that PUI are
strongly heated at the HTS.

partition of the thermal gas internal energy in the heliosheath is about 2.5% and the
PUIs form the dominant component with about 97.5% of the total internal energy.
To determine the width of the HTS, we calculate the scattering time for PUIs in
the vicinity of the HTS since the distance is normalized to the diffusion length scale.
Voyager 2 observations of the HTS showed that the HTS upstream magnetic field
was about 0.05 nT [8]. The scattering time scale is 4.17 × 102 s, and the diffusion
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(a)

(b)

Figure 3.5: a: The thermal gas Mach number, Ms ≡ u/ag , through the HTS. The
flow remains supersonic with respect to the thermal gas sound speed even downstream
p
of the HTS. b: The combined thermal gas and PUI Mach number, Mc ≡ u/ a2g + a2p ,
through the shock. Relative to the combined sound speed, the flow is subsonic downstream of the HTS.
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coefficient is calculated to be 2 × 1013 m2 /s. Thus the shock thickness of the PUI
mediated HTS is about 3 × 105 km, consistent with observations of TS-2 that showed
the shock width was 3 × 105 km [63].
The thermal gas Mach number through the shock (Figure 3.5(a)) shows that
the flow remains supersonic with respect to the thermal gas downstream of the HTS.
This is a consequence of the thermal gas remaining cold through the shock. Observations of the HTS showed that the small increase in thermal gas temperature did not
correspond to a transition from a supersonic to subsonic flow through the HTS (see
Fig. (4) in Richardson et al. (2008) [63]). Figure 3.5(b) shows the combined thermal
gas and PUI Mach number through the HTS in which the sound speed is based on
the long wavelength sound speed (=

p 2
ag + a2p , [114]). Here, because of the inclusion

of PUIs, the transition from upstream to downstream does result in a supersonic to
subsonic flow transition.

3.3

General case

In this section, we consider a simplified one dimensional model that is similar
to that of the previous section except that we also include dissipation terms in the
thermal gas, i.e., viscosity and heat conduction. We continue to include the collisionless viscosity and heat conduction associated with energetic particles. If the thermal
gas is slightly non-Maxwellian, its distribution function introduces higher order corrections that yield both heat conduction and viscosity in thermal gas system. We do
not address the physical processes that might be responsible for thermal viscosity or
heat conduction.
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The 1D continuity, momentum and pressure equations governing the background thermal gas and non-thermal PUIs in this case are given now by

∂Pg
∂t
∂Pp
∂t

∂ρ ∂ (ρU )
+
= 0;
∂t
∂x
∂U
∂U
∂Pg ∂Pp 4 ∂ 2 U
4 ∂ 2U
ρ(
+U
)=−
−
+ ηp 2 + ηg 2 ;
∂t
∂x
∂x
∂x
3 ∂x
3 ∂x


∂Pg
∂U
1 ∂
dPg
4
∂U 2
+U
+ γg Pg
=
Kg
+ (γg − 1)ηg (
);
∂x
∂x
3 ∂x
dx
3
∂x


∂Pp
∂U
1 ∂
dPp
4
∂U 2
+U
+ γp Pp
=
Kp
+ (γp − 1)ηp (
).
∂x
∂x
3 ∂x
dx
3
∂x

(3.14)
(3.15)
(3.16)
(3.17)

ηg and Kg represents the stress tensor (i.e., viscosity) and heat flux, respectively,
introduced by the thermal gas into the system. The steady state equations are similar
to equations Equations (3.5) to (3.7), except we now include for the viscosity and heat
conduction associated with the thermal gas. Because of the thermal gas viscosity and
heat conduction, the thermal gas does not obey the adiabatic law and Pg ρ−γg is not
a constant quantity in the smooth system. Hence, the thermal gas entropy increases
through the shock.
Numerical solutions to the general case for different values of the dissipation
coefficients are shown in Figures 3.6(a) to 3.6(d) [128]. The thermal gas and energetic particle heating depends on the choice of their specific values of viscosity and
heat conduction. As show Figure 3.6(a), when the thermal gas viscosity and heat
conduction terms are absent, most of the energy is dissipated to energetic particles or
PUIs rather than thermal gas and thus the shock is essentially controlled by energetic
particles or PUIs for this moderately high gas Mach number shock. Figure 3.6(b) is
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a case assuming ηp  ηg and Kp  Kg , and thus the solution almost looks like
Figure 3.6(a). However, because of the presence of the thermal gas dissipation terms,
the shock is a little broader and the thermal gas slightly hotter than the case without
thermal gas dissipation. The model shock with the properties ηp ≈ ηg and Kp  Kg
is still mediated by PUIs but the thermal gas is much more heated than the previous cases and Pg2 ' Pp2 (Figure 3.6(c)). The ηp  ηg and Kp ≈ Kg case is shown
in Figure 3.6(d) and now the shock is mediated by the thermal gas and only very
slightly mediated by PUIs. An example of a shock dominated by thermal gas rather
than energetic particle effects is the Earth’s bow shock, in the absence of a significant
energetic particle plasma component. As is well-known, in the quasi-perpendicular
regime, the dissipation process is due to reflected thermal ions. Richardson et al.
(2008) [63] compared one example of a planetary shock (Neptune’s bow shock) with
the HTS data and showed that most of the energy was transferred to the thermal
plasma at Neptune’s inbound bow shock.

3.4

The Case of Three Gas Sub-shocks

Since the galactic cosmic ray two-fluid model possesses the same formal structure as the PUI-mediated plasma model, it is interesting to consider the effect of viscosity on the multiple sub-shocks solutions identified by Drury & Völk (1981) [29] and
Axford et al. (1982 ) [12]. In the classical two-fluid cosmic ray modified shock [12,29]
certain Mach numbers possess double-valued solutions and need a gas sub-shock to
reach the downstream state. However, for some regimes, three different gas sub-shocks
can be fitted for one specific upstream state [12, 29, 133] provided γp < 5/3. Dono100

(a)

(b)

(c)

(d)

Figure 3.6: PUI and thermal gas pressure normalized to the thermal gas pressure
far upstream. Here Kg , Kp > ηg , ηp ; γg = 5/3; γp = 5/3; Pp1 /Pg1 = 0.01; and
Ms1 = 5 . a: ηg = Kg = 0. b: ηp = 10ηg , Kp = 10Kg . c: ηp = ηg , Kp = 10Kg . d:
Kg = Kp , ηg = 10ηp .
.
hue et al. (1981) [132] used a time-dependent code to model the modified two-fluid
model and they showed that the preferred steady state solution is the solution for
which energetic particles dominate. In contrast to the fluid model approach, Malkov
(1997a,b) [135, 136] used a kinetic approach in which cosmic rays are either injected
into the gas within the shock itself or advected into the shock region from far upstream. Malkov (1997a,b) [135,136] found that the diffusion-convection kinetic model
can also yield three downstream solutions for certain values of an upstream parameter. They assumed that the most efficient of these solutions, that in which almost

101

all the flow energy is converted into energetic particle heating, was the physically
reasonable choice.
Becker & Kazanas (2001) [133] showed that the solution that yielded an intermediate value of the cosmic-ray pressure is unstable and that the stable steady-state
solution had the largest cosmic ray pressure. From the three possible distinct gasmediated sub-shock solutions, they find that the correct physical solution is that
which has the largest cosmic-ray pressure with the largest overall compression ratio
and the weakest sub-shock. We have used the energetic particle heat conductionviscosity model Equations (3.5) to (3.7) in the parametric regime that admits three
possible sub-shocks. With the inclusion of viscosity associated with relativistic energetic particles, the shock downstream state is determined from the Rankine-Hugoniot
condition. Figure 3.7 shows examples for two different Mach numbers. As is shown,
the weakest sub-shock case, which has the strongest compression ratio, is the most
similar to that obtained from the shock structure equations Equations (3.5) to (3.7),
and converges to the Rankine-Hugoniot downstream state. In these examples, the
energetic particles absorb almost all the ram pressure of the upstream gas and the
thermal gas remains comparatively cold (here, we did not include thermal gas viscosity and heat conduction). However, if we include thermal gas dissipation terms, then
depending on the value of those, the shock can be dominated by either the thermal
gas or energetic particles as discussed and shown in Figure 3.6.

102

(a)

(b)

Figure 3.7: The case for which three gas sub-shocks exist (dotted lines) and the
smoothed energetic particle viscous-heat conduction transition (solid line). Pp1 /Pg1 =
0.01, γp = 4/3, and γg = 5/3 a: Ms1 =6, b: Ms1 =10. Both examples show that the
weaker sub-shock or stronger shock have a downstream state that is closest to that
of the energetic particle viscous-heat conduction downstream state.

3.5

Conclusions

Incorporation of both the PUI collisionless heat conduction and viscosity determines the structure of PUI mediated shocks, and all these shock transitions from the
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upstream state to the downstream state are smooth. This result carries over formally
to the classical two-fluid model but was not recognized in the related investigation
by Jokipii & Williams [131] who restricted their attention to a cold thermal plasma
(for which a sub-shock is always absent). Classically, a gas sub-shock was added to
shock waves without collisionless viscosity to eliminate the double-valued solutions
and reach a downstream state [12, 29]. However, in fitting a gas sub-shock certain
assumptions about the physics of the thermal gas and the sub-shock are made. In our
PUI-mediated plasma model, we find that a combination of energetic particle viscosity and heat conduction smooths all the shocks and there is no need to introduce a gas
sub-shock. This result holds too for the parametric regime that admits as many as
three distinct sub-shocks, i.e., the three sub-shocks are eliminated in favor of a single
smoothed transition corresponding to the weakest of the three sub-shock choices. The
downstream state of an energetic particles viscous-heat conduction smoothed shock
can be different than predicted by the downstream state of a combination of energetic particles heat conduction and a gas sub-shock. The reason for this difference is
in fitting a gas sub-shock, it is assumed that for relatively large Mach numbers the
energetic particle heat conduction is not enough to smooth the shock and so there
is an unspecified thermal dissipative process that acts only on the thermal gas. We
showed that with the inclusion of the energetic particles viscosity, the weakest subshock or strongest compression ratio which has the largest energetic particle pressure
converges to a downstream state that is determined by the Rankine-Hugoniot conditions and the downstream state of the energetic particle heat conduction-viscous
shock. PUIs are non-relativistic particles (i.e., γp = 5/3) and one does not have a
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parametric regime that admits three different sub-shock solutions associated with one
upstream state case. This single sub-shock has effectively the same downstream state
as the Rankine-Hugoniot downstream state.
Voyager 2 observations show that the HTS is mediated by PUIs and despite
being a perpendicular shock, reflected thermal protons do not provide a dissipation
mechanism and the thermal gas remains relatively cold in crossing the HTS. We show
that the thermal gas experiences very little heating at the shock (≈ 1.27 × 105 K)
and almost all the kinetic energy is converted to PUIs whose temperature increases
to ≈ 1.82 × 107 K. When measured using the thermal gas sound speed, the flow of the
model HTS remains supersonic downstream of the shock. However, when using the
combined sound speed, accounting for both PUIs and thermal gas, the downstream
Mach number is indeed subsonic. Based on our choice of the heat flux coefficient, the
HTS thickness is about 3 × 105 km. All these results are consistent with Voyager 2
observations [63, 81]. The HTS compression ratio is found to be about 3, which is a
little stronger than inferred by Burlaga et al. (2008) [8].
Different values of the dissipation coefficients associated with both the thermal
gas and energetic particles (i.e., ηp , ηg , Kp , and Kg ) are discussed in general terms.
Whether the thermal gas or energetic particles are heated depends on the choice of the
various viscosity and heat conduction parameters relative to one another. Although
the thermal gas is a little hotter in the case of ηg  ηp and Kg  Kp , the shock
resembles the case without thermal gas heat conduction and viscosity, and remains
mediated by energetic particles. The thermal gas is more heated than before in the
case of ηg ≈ ηp and Kg  Kp but the shock is still mediated primarily by energetic
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particles. However, the case with ηg  ηp and Kg ≈ Kp shows most of the energy is
dissipated into the thermal gas rather than into energetic particles. A large viscous
thermal gas term yields a gas dynamic shock that is partially mediated by energetic
particles. One example of this kind of shock is Neptune’s inbound bow shock [106].
An important consequence of choosing the relative weighting of the energetic particles
and thermal gas viscous terms is that it yields shocks with properties rather different
than predicted by conventional 2-fluid cosmic ray models. Investigation of the role of
gas viscosity and energetic particle viscosity shows that there is no need to insert a
gas sub-shock since all transitions between the upstream and downstream state are
smooth. Moreover, the structure and properties of this case are different from the case
that combines only energetic particle heat conduction and a thermal gas sub-shock.
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CHAPTER 4

WAVE ANALYSIS

In this chapter, we study and analyze waves in the context of an energetic
particle mediated plasma in the absence of a magnetic field. First, we normalize
the general form of thermal gas and energetic particle heat flux-viscosity equations.
Expanding the flow variables about the uniform upstream background, we derive
a general form of Burgers’ equation. In the second section, we derive a two-fluid
dispersion relation for fluctuations in a uniform flow with energetic particle viscosity
and diffusion. We show that short wavelength disturbances propagate at the thermal
gas sound speed and long wavelength disturbances propagate at the combined sound
speed that includes the energetic particle pressure. Finally, we study the stability
of short/intermediate wavelength modes in the presence of a flow gradient, such as
a shock wave. This chapter is adapted from the Appendices in Mostafavi et al.
(2017a) [65].

4.1

Burgers’ Equation

The complete general 1D form of the energetic particle and thermal gas heat
conduction-viscosity equations is given by Equations (3.14) to (3.17), and we normal-
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ize them as follows. Assume a characteristic time scale T, length scale L, and phase
velocity Vp that satisfies the relation Vp T /L = 1. All quantities can be written in
dimensionless form as

x̃ = x/L; t̃ = t/T ; ρ̃ = ρ/ρ0 ; ũ = U/Vp ; P˜g = Pg /Pg0 ; P˜p = Pp /Pg0 ,

(4.1)

where ρ0 , Pg0 , and Pp0 are equilibrium values far upstream of the shock transition.
The normalized form of Equations (3.14) to (3.17) introduces dimensionless Reynolds
numbers associated with both the thermal gas and PUIs, Reg = ρ0 LVp /ηg and Rep =
ρ0 LVp /ηp , respectively. The normalized model equations are then (assuming constant
values of Kg , Kp , Schg , and Schp )

∂ ρ̃ ∂ (ρ̃ũ)
+
= 0;
∂ x̃ !
∂ t̃

 2
∂ ũ
∂ ũ
Pg0
∂ P˜g ∂ P˜p
4
1
1
∂ ũ
ρ̃(
+ ũ ) = −
+
+
+
;
2
∂ x̃
ρ0 Vp
∂ x̃
∂ x̃
3 Rep Reg ∂ x̃2
∂ t̃
∂ ũ
∂ P˜g
∂ P˜g
∂ ũ
1 ∂ 2 P˜g 4
2 1
( )2 ;
+ ũ
+ γg P˜g
= Zg
+ (γg − 1)γg Ms1
2
∂ x̃
∂ x̃
3
∂ x̃
3
Reg ∂ x̃
∂ t̃
2
∂ P˜p
∂ ũ
1 ∂ P˜p 4
∂ ũ
∂ P˜p
2 1
+ γp P˜p
= Zp
+ (γp − 1)γg Ms1
( )2 .
+ ũ
2
∂ x̃
∂ x̃
3
∂ x̃
3
Rep ∂ x̃
∂ t̃

(4.2)
(4.3)
(4.4)
(4.5)

Two other dimensionless numbers are introduced and are related to the product of the Schmidt number and Reynolds number, i.e., Zg = (Schg × Reg )−1 and
Zp = (Schp × Rep )−1 . The Schmidt numbers are defined by Schp = ηp /ρ0 Kp and
Schg = ηg /ρ0 Kg . The two heat conduction and two viscosity terms introduce four
−1
−1
length (or time) scales. Let us consider the limit when the terms Rep
, Reg
, Zg , and
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Zp are small, formally O(). Although the various scale length are expected to be
different, the assumption that they are all O() yields the richest evolution equation.
One can introduce fast and slow variables by ζ = x̃ − t̃ and τ = t̃ and expand the
flow variables about a uniform far upstream background as

ρ̃ = 1 + ρ1 + 2 ρ2 + ...; ũ = u1 + 2 u2 + ...;

(4.6)

P˜g = 1 + Pg1 + 2 Pg2 + ...; P˜p = P + Pp1 + 2 Pp2 + ...,

(4.7)

where P = Pp0 /Pg0 . On expanding the equations to O(), we obtain

∂u1
∂ρ1
=
;
∂ζ
∂ζ


1
∂u1
∂Pg1 ∂Pp1
=
+
;
2
∂ζ
γg Ms1
∂ζ
∂ζ

(4.9)

∂Pg1
∂u1
+ γg
= 0;
∂ζ
∂ζ

(4.10)

∂Pp1
∂u1
+ γp P
= 0.
∂ζ
∂ζ

(4.11)

−
−

(4.8)

Equations (4.8) to (4.11) yield the relations

ρ 1 = u1 ; u1 =

1
(Pg1 + Pp1 ); Pg1 = γg u1 ; Pp1 = γp P u1 .
2
γg Ms1

(4.12)

From Equation (4.12), we find the relation between the sound speed and the phase
speed as Vp2 = a2g0 + a2p0 , where, ag0 and ap0 are the thermal gas and PUI sound speed,
respectively. This corresponds to the long wavelength sound speed.
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The expansion at order O(2 ) yields






∂Pg2 ∂Pp2
∂u2
1
∂u1 4 ∂
1
1
∂u1
−
+
+
=−
+
+
;
2
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(4.14)

∂Pp2
∂u2
∂pp1 ∂pp1
∂u1 1 ∂ 2 Pp1
+ γp P
= −u1
−
− γp Pp1
+ Zp
.
∂ζ
∂ζ
∂ζ
∂τ
∂ζ
3
∂ζ 2

(4.15)

−
−

(4.13)

On combining the O(2 ) equations as a single nonlinear partial differential equation
in u1 , we find


1
∂u1
1
∂ 2 u1
∂u1 1
2
2
+
1+
(γg + γp P ) u1
= [Zg γg + Zp P γp ]
+
2
∂τ
2
γg Ms1
∂ζ
6
∂ζ 2

 2
1
1
∂ u1
2
+
.
3 Reg Rep ∂ζ 2

(4.16)

This equation is a general form of Burgers’ equation (i.e., of the form ut +uux = Kuxx ),
from which a variety of analytic solutions can be found (e.g. [92]). We note that the
weak shock solutions admitted by Equation (4.16) propagate at the mixed (long
q
wavelength; Zank et al. (2014) [114]) sound speed Vp = a2g0 + a2p0 , that the rate of
nonlinear steepening is controlled by the combined thermal gas and PUI pressure, and
that the steepening is balanced by a combination of heat conduction and viscosity.
Whichever is the largest of the four heat conduction and viscous parameters will
determine the overall scale length of the weak shock transition [142].
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4.2

Two Fluid Dispersion Relation

The PUI mediated plasma model derived in Chapters 2 and 3 lends itself to a
variety of applications. The wave properties in regions dominated by PUIs are significantly different from those in the inner heliosphere, which is essentially unmediated
by PUI physics. A multi-fluid model that includes heavy ions as a minority component was studied by Mann et al. (1997) and Verscharen et al. (2013) [143, 144], but
the heavy ions do not typically dominate the thermal energy budget of the plasma
system.
The goal of this section is to derive the 2-fluid dispersion relation for fluctuations in a uniform flow with energetic particle diffusion and viscosity. We linearize
equations Equations (3.1) to (3.4) in the standard way and consider perturbations
(δρ, δu, δPg , δPp ) in a uniform background, such that

ρ = ρ0 + δρ; U = δu; Pg = Pg0 + δPg ; Pp = Pp0 + δPp ,

(4.17)

We introduce a wave-like perturbation (∝ ei(ωt−kx) ) into a uniform background, where
k and ω are the wave number and the frequency, to obtain

ωδρ = kρ0 δu;

(4.18)

4
(ωρ0 − i ηp k 2 )δu = k(δPp + δPg );
3

(4.19)

ωδPg = kγg Pg0 δu;

(4.20)

i
(ω − Kp k 2 )δPp = γp Pp0 kδu.
3

(4.21)
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The dispersion equation is given as

a2p0
ω2
4 ηp
2
ω.
= ag0 +
2 + i
2
K
k
p
i
k
3 ρ0
1− 3 ω

(4.22)

At short/intermediate wavelength scales, (i.e., considering wavelengths smaller than
the diffusive length scale, Kp /u, but greater than the viscous length scale, ηp /ρ0 u)
Equation (4.22) may be reduced to

3i a2p0 2i ηp 2
+
k .
ω = ±ag0 k +
2 Kp
3 ρ0

(4.23)

For the long wavelength limit where the wavelength scale is much greater that both
the viscous and diffusion length scales, equation eq. (4.22) yields

ω=±

q
2i ηp 2
a2g0 + a2p0 k +
k .
3 ρ0

(4.24)

Note that short wavelength disturbances propagate at the thermal gas sound speed
whereas long wavelength disturbances at the mixed sound speed.

4.3

Short/Intermediate Wavelength Stability

In this section, we derive a nonlinear equation valid for short wavelengths and
consider the stability of short wavelength modes in the presence of a flow gradient.
The general 1D form of the energetic particle conduction-viscosity equations is given
by Equations (3.1) to (3.4), and we normalize these equations as done in Section 4.1.
Now Pp is normalized to the initial PUI pressure far upstream, Pp1 . The normalized
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equations are

∂ ρ̃ ∂ (ρ̃ũ)
+
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∂ P˜g
∂ P˜p 4 ∂ 2 ũ
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˜
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∂ ũ
∂ Pg
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∂ P˜p
∂ P˜p
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∂ 2 P˜p 4
η˜p ∂ ũ 2
+ ũ
+ γp P˜p
= K̃p
(γ
−
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( ),
+
p
∂ x̃
∂ x̃
∂ x̃2
3
a˜p0 2 ∂ x̃
∂ t̃

(4.25)
(4.26)
(4.27)
(4.28)

where a˜g0 2 = a2g0 /(γg Vp2 ), a˜p0 2 = a2p0 /(γp Vp2 ), and η˜p = ηp T /(ρ0 L2 ) = a˜p0 2 τs /T . K̃p is
defined to be Kp /(3Vp L) = LD /3L where LD is the diffusive length scale. The long
wavelength (L  LD ) and slow time scale limit (T  τs ) was discussed in section 4.1.
Here, we consider the intermediate regime. In this case K̃p ∝ O(1/) and η˜p ∝ O().
Fast and slow variables are introduced and the flow variables are expanded about a
uniform far upstream state. The expansion at the first order yields

ρ1 = u1 ; u1 = a˜g0 2 Pg1 + a˜p0 2 Pp1 ; Pg1 = γg u1 ; Pp1 = 0,

(4.29)

which yields the dispersion relation at the lowest order as Vp2 = a2g0 . The next order
expansion is

∂ρ2 ∂u2
∂u1 ∂u21
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+
=
−
;
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∂ζ
∂τ
∂ζ
∂u2
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3 ∂ζ
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−
+ γg
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;
∂ζ
∂ζ
∂τ
∂ζ

−
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(4.30)
(4.31)
(4.32)

∂Pp2
γp
=
u1 .
∂ζ
K̃p

(4.33)

Combination of Equations (4.30) to (4.33) yields the single equation

3a2p0
2 ∂ 2 u1
∂u1 γg + 1 ∂u1
+
u1
+ 2
u1 = η˜p 2 .
∂τ
2
∂ζ
3 ∂ζ
2ag0 K̃p

(4.34)

This equation is Burgers’ equation with a source term. Here, the viscosity alone
balances non-linearity and prevents wave breaking, which smooths the shock wave.
Finally, let us consider the stability of short/intermediate waves in the presence
of a mean gradient, such as the foreshock region, extending the analysis of [145, 146].
We assume that the background values ρ̄, ū, P¯g and P¯p vary slowly in space i.e., dρ̄/dx,
dū/dx and so on are non-zero and slowly varying. Consider wavelength scales that are
much shorter than the length scale associated with the gradient. We then consider
linear wave propagation in the short/intermediate limit. For the linearized quantities
a JWKB expansion is introduced as φ =

P∞

j=0

φj j ei(ωt−kx) , where φj is the slowly

varying amplitude and the exponential term is the rapidly oscillating phase. At the
lowest order we get

ρ0 ω 0 = ρ̄u0 k; ω 0 u0 =

k
(Pp0 + Pg0 ); ω 0 Pg0 = kγg P¯g u0 ; Pp0 = 0,
ρ̄

(4.35)

which yields

ω 0 = ±ag k; Pg0 = ρ0 a2g ; u0 = ±
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ρ 0 ag
; Pp0 = 0,
ρ̄

(4.36)

where the Doppler-shifted frequency of the perturbation is ω 0 = ω − kū. Therefore, at
the lowest order PUIs fluctuations are decoupled, consistent with short/intermediate
wavelength modes. The next order terms yield
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k
.
3
3
∂x

(4.37)

(4.38)

(4.39)
(4.40)

On combining equations Equations (4.37) to (4.40) as a single equation, we obtain
1
∂ ū
ρ̄
2
Du20 + 2 0 DPg0
+ A(γg + 1)
=
0
2ω
2a ρ̄ω
∂x


3γp P¯p
ρ̄ Kp0
1 ∂ P¯p
4 2
A −
(1 +
±
) − k η¯p ,
ag ρ̄ ∂x
ρ0 K̄p
3
K̄p ρ̄

(4.41)

2
/a2g ρ̄ω 0 is the wave action density and D is the differential
where A = ρ̄u20 /ω 0 = Pg0

operator, D ≡ ∂t + (ū ± ag )∂x . Equation (4.41) can be reduced to


3γp P¯p
1 ∂ P¯p
ρ̄ Kp0
2 k 2 η¯p
DA + (ū ± a)x A = A −
±
(1 +
)−
,
ag ρ̄ ∂x
ρ0 K̄p
3 ρ̄
2K̄p ρ̄


(4.42)

which is a generalization of that derived by Drury & Falle (1986) and Zank & Mckenzie
(1987) [145, 146] with the inclusion of energetic particle viscosity. In the absence of
energetic particles, Equation (4.42) shows that wave action is conserved for short
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wavelength modes. If we write Equation (4.42) in the form of a dispersion relation,
we obtain



ρ̄ Kp0
3 γp P¯p
1 ∂ P¯p
2 k 2 η¯p
1+
+i
,
ω = ±ag k + i(ū ± a)x ∓ i
+i
ag ρ̄ ∂x
ρ0 K̄p
2 K̄p ρ̄
3 ρ̄
0

(4.43)

which is consistent with Equation (4.23). In the presence of energetic particles, the
third term on the right-hand side is the background PUI pressure gradient. Depending
on the direction of short/intermediate wave propagation relative to the PUI pressure
gradient, it can destabilize the mode. The two last terms on the right hand side are
damping terms. If the growth rate associated with the energetic particle pressure
gradient and the second term on the right hand side are sufficiently large compared
to the damping terms associated with the PUI heat flux (the fourth term on the right
hand side) and PUI viscosity, the wave will be unstable. However, the wave will be
damped if



ρ̄ Kp0
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3 a2p0 2 k 2 η¯p
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+
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.
2 K̄p 3 ρ̄
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(4.44)

Therefore, to ensure stability, the wave number should satisfy

3 ρ̄
k >
2 η¯p
2
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.
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ag ρ̄ ∂x
ρ0 K̄p
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(4.45)

CHAPTER 5

THE MEDIATION OF COLLISIONLESS OBLIQUE MAGNETIZED
SHOCKS BY ENERGETIC PARTICLES

In this chapter, we introduce a plasma model to study the structure of collisionless oblique magnetized shocks mediated by suprathermal energetic particles. We
show that the incorporation of both collisionless heat flux and viscosity associated
with energetic particles can completely determine the structure of collisionless oblique
shocks for all angles except θ = 54.7◦ . The limitation at this angle is technical and
comes in part from the assumed simplified form of the viscosity coefficient. In modeling the heliospheric termination shock (HTS), we show that PUIs are heated much
more than the thermal gas through the HTS transition and thus the HTS is mediated
by PUIs. We then study different values of the HTS obliquity and find that a parallel
HTS heats PUIs more compared to the background thermal gas than it does at a
perpendicular HTS. This chapter is adapted from Mostafavi et al. (2018) [76].

5.1

Introduction

As was discussed in previous Chapters, energetic particles in the heliosphere
(such as PUIs, SEPs, and ACRs) play a fundamental role in the dissipative process
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at shock waves, and thus in determining their structure. In numerous cases in the
heliosphere, the coupling of energetic or suprathermal particles and the subsequent
back-reaction on the thermal plasma cannot be neglected. For example, recent observations of shocks in the inner heliosphere show that interplanetary shocks at 1
AU can have a pressure that is entirely dominated by SEPs. In these interplanetary
shocks, the energetic particle pressure exceeds that of the magnetic field and the
background thermal solar wind plasma [5, 31, 32]. Riley et al. (2016) [30] showed
that the propagation and structural characteristics of these shocks is different than
that expected from a simple MHD shock description. A very relevant and important example of energetic particles mediating a thermal background plasma is that
of suprathermal PUIs in the heliosphere and the VLISM. The pick-up and acceleration of PUIs to co-move with the bulk solar wind speed slows the bulk solar wind
since energy and momentum is transferred from the solar wind bulk motion into PUI
pressure. PUIs provide the dominant internal pressure in the outer heliosphere and
cannot be neglected. PUIs are non-thermal energetic particles and play a critical role
in determining the structure of outer heliospheric shocks. In Chapter 2, we showed
that PUIs are not equilibrated with the background plasma in the supersonic solar
wind beyond 10 AU, the IHS, and the VLISM, and need to be treated as a separate
plasma component, typically in the form of a separate equation of state.
The Solar Wind Around Pluto (SWAP) instrument on the New Horizon spacecraft makes observations of the solar wind and suprathermal PUIs in the outer heliosphere [54]. McComas et al. (2017) [38] present PUI observations measured by
the SWAP instrument up to a distance of 38 AU and show that PUIs dominate
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the internal pressure, typically being larger than the thermal solar wind and magnetic pressure. Thus, shock waves in the outer heliosphere should be mediated by
suprathermal PUIs.
Voyager 2 crossed the HTS at 84 AU in 2007. In-situ Voyager 2 measurements
indicated that the primary dissipation mechanism at the HTS is not provided by
thermal gas [63]. The downstream thermal plasma temperature observed by Voyager
2 was much less than anticipated by MHD models. The possibility that the HTS
should be affected significantly by suprathermal PUIs was predicted by Zank et al.
(1996) [55]. PUIs are reflected preferentially at the cross-shock electrostatic potential
of the HTS and acquire almost all the dissipative heating of the bulk flow energy
[55, 63, 81]. The dissipation process at the HTS is therefore due primarily to the
nearly-isotropically shell-distributed PUIs and not to thermal protons. Several studies
[65,128,147–149] showed that the flow remains supersonic with respect to the thermal
gas downstream of the HTS. However, with the inclusion of PUIs, the transition from
the upstream to downstream state results in a supersonic-subsonic flow transition.
The insertion of a gas sub-shock is not necessary for the HTS with the structure
being determined completely by PUI dissipation.
Thermal and non-thermal charged particles are slowed and heated as they cross
the HTS and enter the IHS. The IHS is a highly turbulent medium of compressed
solar wind and magnetic field, and is thermally dominated by energetic particles such
as ACRs and PUIs [10]. The plasma beta (β; the ratio of thermal particle pressure
to magnetic pressure) is much greater than one with the inclusion of the energetic
particle pressure. The large plasma beta in the IHS suggests that shock waves in this
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region should be mediated by energetic particles. The structure of shock waves in the
IHS will be discussed in Chapter 6.
Suprathermal PUIs in the VLISM are created by secondary charge exchange
between hot and/or fast neutral Hydrogen atoms with cold VLISM protons. The
suprathermal PUI population in the VLISM increases the sound speed, which can
weaken or even eliminate the bow shock and instead yields a bow wave [39, 120].
VLISM PUIs have a very small number density of about 5×10−5 cm−3 [82]. Mostafavi
& Zank (2018) [101] showed that PUIs are not an important dissipative mechanism
for VLISM shocks. Voyager 1 observed an unusually broad shock in the VLISM that
was much broader than a similar shock at 1 AU [95]. In Chapter 7, we will show that
proton-proton collisions and not wave-particle interactions determine the structure
of the broad VLISM shock, being mediated only by the magnetic field and thermal
gas [101].
Several models have been introduced to study the structure of shock waves
based on a relatively simple MHD description in which all particles are treated as a
single fluid (see, e.g., [150–153] and references therein). Coroniti (1970) [151] used a
single fluid system of equations that incorporated several collisional dissipation mechanisms (heat conduction, resistivity, and viscosity), which introduce various length
scales into the shock structure. Based on Coroniti’s collisional model, resistivity
can always mediate a fast mode shock, thermal conduction alone is sufficient only to
smooth weak shock transitions, and viscosity alone cannot provide a complete smooth
fast shock transition. Consequently, inclusion of only some of the dissipation terms is
not enough to yield smooth physical solutions connecting the upstream to the down120

stream state and a sub-shock is necessary. Marshall (1955) [150] found that for a
perpendicular shock propagating in a cold plasma with Mach number greater than
2.76, a sub-shock is necessary. This Mach number is often referred to as the critical
Mach number. For a shock exceeding the critical Mach number, resistivity alone does
not produce a continuous shock profile and another dissipation mechanism is then
required. Kennel et al. (1985) [152], in an extensive review of MHD shock waves,
showed that another dissipation term (viscosity) must be added to resistivity in supercritical shocks to provide the dissipation required by the shock jump conditions.
In the case of a one fluid system of equations, the dissipation is applied to all particles, and the distinction between energetic particles and thermal gas is lost. Thus,
the role of energetic particles in contributing to the primary dissipation mechanism
at a shock transition has not been established.
The MHD description of the HTS anticipated that the downstream thermal
plasma temperature should be about 106 K. However, Voyager 2 measured far less
than the expected 106 K. Instead, most of the energy went into PUIs through their
reflection at the quasi-perpendicular HTS front. Thus, it is necessary to distinguish
thermal gas from energetic particles. In this Chapter, we address the dissipation
mechanisms introduced by energetic particles that are responsible for determining
the structure of magnetohydrodynamic oblique shocks in the heliosphere and possibly
elsewhere.
Drury & Völk (1981) [29] and Axford et al. (1982) [12] used a hydrodynamic
form of the so-called cosmic ray two-fluid model to study shock wave structure. They
introduced a hydrodynamic model in which energetic particles or cosmic rays were as121

sumed to have a very small (negligible) number density but contributed to the system
through their energy density and pressure. The energetic particle distribution function was assumed to be nearly isotopic and governed by a transport equation correct
to the first order in anisotropy (the Parker-Gleeson-Axford transport equation). As
found by them [12,29], heat conduction (or spatial diffusion) alone is sometimes insufficient to smooth the structure of all possible shocks since double-valued downstream
solutions exist for a fixed upstream state. For example, when upstream energetic particles have a small pressure, the energetic particle heat conduction is insufficient to
smooth the shock wave and a gas sub-shock should be added (see Chapter 3 for more
details). Webb (1983) [127] extended the hydrodynamic cosmic ray two-fluid model
to include a magnetic field and considered the case of oblique MHD shocks. Webb
(1983) [127] investigated the shock structure for a cold gas upstream and found that
in some Mach number regimes the energetic particle heat conduction term was not
sufficient to smooth the shock transition, requiring a gas sub-shock to determine the
downstream state. This result is quite distinct from the hydrodynamic cold gas case
which is always smoothed by energetic particles [12]. Webb et al. (1986) [154] studied
the structure of MHD shock waves for a non-zero upstream thermal gas pressure in
which they elucidated the role of switch-on gas sub-shocks in their model. Jokipii
& Williams (1992) and Webb (1989) [126, 131] included a higher-order dissipation
term (viscosity) to describe cosmic ray transport. Jokipii & Williams (1992) [131]
included cosmic ray viscosity to investigate hydrodynamic shock structure in the case
of cold thermal plasma (Pg = 0). However, there is no need to add a viscosity term
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for this case, since all transitions are smooth when heat conduction is included and a
sub-shock is always absent.
Zank et al. (2014, 2016) [27, 114] developed a collisionless form of ChapmanEnskog expansion for a multi-component plasma comprising thermal protons, electrons and energetic particles (such as PUIs, ACRs, and SEPs). PUIs drive streaming
instabilities and thus experience pitch-angle scattering from pre-existing and selfexcited Alfvénic fluctuations. They form a nearly-isotropically filled-shell distribution
with particle speeds varying from nearly zero to twice the solar wind speed in the
spacecraft frame. The Zank et al. (2014) [114] model showed that PUIs introduce a
collisionless heat flux and collisionless viscosity into the plasma system. Thus, the dissipation terms associated with energetic particles are due to wave/turbulence-particle
interactions and not particle collisions. The structure of their model is identical to
the cosmic ray two-fluid model [12, 29], except the Zank et al. (2014) [114] model
includes the extra collisionless viscosity term associated with energetic particles, and
the energetic particle mass is not neglected. Mostafavi et al. (2017a,b) [65, 128] used
the Zank et al. (2014,2016) [27,114] model to investigate the structure of shock waves
in the presence of both collisionless energetic particle heat flux and viscosity for the
case of a large plasma beta (β  1). The incorporation of both energetic particle
collisionless heat flux and viscosity is sufficient to completely determine the structure
of a hydrodynamic shock in the absence of a magnetic field for all Mach numbers (see
Chapter 3 for more details).
Most studies of the structure of shock waves have focused on purely parallel
and perpendicular shock waves (e.g., [12, 65, 101]). However, interplanetary shocks
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are not usually purely perpendicular or parallel. Interplanetary shocks are typically
oblique in that the upstream magnetic field is at an angle with respect to the shock
normal. Shock properties can change from parallel to oblique and perpendicular.
In part, the energy that is transferred to energetic particles and thermal plasma, as
expressed by the compression ratio of the shock, depends on the obliquity of the
shock. Shock waves are not necessary entirely laminar, and ripples may develop on
their surfaces. Ripples on the surface of shock waves may be generated by instabilities
due to reflected PUIs [148, 149, 155]. The HTS surface is undoubtedly affected by the
conditions and the state of turbulence in the heliosheath. Five crossings of the HTS
were detected by Voyager 2 [63] which has led to the interpretation that the HTS
is not a laminar non-turbulent shock wave. It is therefore unlikely that the HTS is
always perpendicular locally.
ACRs and TSPs are believed to be energetic PUIs that were accelerated at
the HTS [67, 156]. An ACR mediated model presented by Florinski et al. (2009) [9]
showed that the precursor upstream of the HTS (with a scale size of ∼ 0.3 AU)
might be due to mediation of the shock by ACRs. Ye et al. (2016) [157] used a
focused transport approach to study the TSPs and the obliquity of the HTS. Voyager
1 detected a significant increase in the number of low-energy suprathermal ions about
seven months before the HTS crossing [73, 74]. During this time, the TSP intensity
increased by a factor of 1.5. Florinski et al. (2008) [158] suggested that the observed
low energy suprathermal ion population, the TSPs, were accelerated by a highly
oblique shock wave. Both an oblique HTS and a parallel HTS can reflect PUIs,
and thus provide a population of upstream accelerated TSPs that eventually become
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ACRs. Such an oblique HTS is expected to exist in regions where the idealized spiral
interplanetary magnetic field cuts through the HTS at an oblique angle. Therefore,
the assumption that the HTS is exclusively perpendicular is unlikely to always be
correct.
In the first part of this Chapter, we formulate the energetic particle mediated
plasma model based on Zank et al. (2014) [114]. In the second part, we use this
model to investigate the structure of steady-state oblique shock waves in the presence
of a magnetic field when both the energetic particle collisionless viscosity and heat
flux are included. The present Chapter only considers the case of fast magnetosonic
shock waves. We show that the incorporation of both collisionless heat flux and
collisionless viscosity associated with energetic particles can smooth and determine
the shock structure for all the angles except θ = 54.7◦ . In some respects, the singular
behaviour at this angle is a technical rather than a physical limitation since the form
of viscous term formally goes to zero at this angle. In practice, relaxing some of the
assumptions underlying the physical form of the viscous term would eliminate this
singular behaviour. For the present, we do not consider this additional complicating
factor. We find that parallel shocks are typically broader than perpendicular shocks
because of the difference between parallel and perpendicular heat conduction. We
model the HTS and show that PUIs are heated much more than the thermal gas
during the HTS transition which is consistent with the Voyager 2 observations [64].
We consider both a parallel HTS and a perpendicular HTS and find that the PUIs
and thermal gas are more heated and energized at the parallel than the perpendicular
shock. We also model a quasi-parallel HTS and a quasi-perpendicular HTS to consider
125

the case of an oblique HTS. In the last section, we summarize our results about the
structure of collisionless oblique shock waves when mediated by energetic particles.

5.2

Model

In this section, we present a very brief review of the formulation of the PUI or
SEP-mediated plasma model presented in Chapter 2. The plasma flow is described
by a multi-component model comprising thermal solar wind ions and electrons with
Maxwellian distributions, and an energetic ion component (PUIs, SEPs, or ACRs).
The multi-component model is too complicated for most problems, but it can be
reduced to a single-fluid-like model by making some assumptions (see details in [114]
and Chapter 2). The collisionless diffusion or heat flux tensor and pressure tensor for
the energetic particles may be expressed respectively as
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(5.1)

(5.2)

where η ' Pp τs is the viscosity coefficient and τs is PUI-scattering timescale. Pp is
the PUI scalar pressure and Πp a stress tensor. The assumption is that the magnetic
field is along the x axis. Kk and K⊥ are diffusion coefficients parallel and perpen-
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dicular to the magnetic field. We use the reduced single-fluid-like model equations
(Equations (2.78) to (2.83)). The viscosity and heat flux dissipation terms introduce
distinct length scales into the system that are absent in MHD (see [65]). The singlefluid-like description also differs from the standard MHD model in that a separate
equation (Equation (2.81)) for the non-equilibrated energetic particle distribution is
required.
Since we need to consider an arbitrary orientation of the magnetic field, we
rotate equations (Equations (2.78) to (2.83)) through an angle θ using the standard
rotation matrix. All the equations are invariant with respect to the rotation except
the stress tensor and the diffusion tensor, since they were initially derived for the case
where B was only in the x direction. The rotated diffusion and stress tensors are
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(5.4)

We use a one-dimensional steady-state model, in which all physical quantities
depend on the x coordinate of a Cartesian coordinate system XY Z. The background
plasma velocity U = (Ux , Uy , 0) and magnetic field B = (Bx , By , 0) are restricted to
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the x − y plane. The shock surface is located along the y − z plane, and the shock
normal is directed along the x-axis. For a 1D flow, the viscosity tensor reduces to

ηk`
15



∂Uk 1 ∂Um
bk bl
− δk`
∂x`
3 ∂xm





1 ∂Ux
2
≡ ηp cos θ −
.
3 ∂x

(5.5)

For a highly conducting fluid the electric field is E = −U × B. Maxwell’s
equation shows that the electric field in the z direction is constant and yields

Ux By − Uy Bx = const.

(5.6)

Moreover, the magnetic field normal to the shock surface, Bx , is constant through the
shock transition. The changes in plasma parameters across the shock must satisfy
the Rankine-Hugoniot jump conditions. The plasma conditions far upstream and
downstream of the shock are spatially uniform, and dissipation terms therefore do
not affect these regions, unlike at the shock position. In this Chapter, we use the
de Hoffmann-Teller frame except for the case of a perpendicular shock for which a
shock-normal frame is used. In the de Hoffmann-Teller frame, the upstream plasma
flow is parallel to the upstream magnetic field, and the downstream plasma flow is
also parallel to the downstream magnetic field. Thus, electric field vanishes in this
frame.
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5.3

PUI and SEP Mediated Magnetized Shock Structure

The PUI-mediated plasma model derived in the previous section can be used
to study the structure of collisionless shock waves. Here, we extend the paper of Webb
(1983) [127] and derive the general shock structure equation by taking into account
both collisionless dissipation terms (heat flux and viscosity) associated with PUIs.
The subscripts 1 and 2 denote the plasma quantities far upstream and downstream
of the shock, respectively. The inverse compression ratio in the x direction, y =
Ux /Ux1 = ρ1 /ρ, is introduced as a quantity to study shock wave structure [12, 129].
The background thermal gas has no dissipation terms and is piecewise isentropic,
and thus Pg ρ−γg is constant through the shock transition provided it is smooth. From
Equations (2.87) to (2.90), one can obtain the magnetic field component and flow
velocity components in terms of y as
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are squared inverse Alfvénic Mach numbers of the flow far upstream of the shock, θ
is the angle between the shock normal and the magnetic field, x is x normalized to
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the diffusion length scale, i.e. x ≡ x/L, L ≡ (Kk /Ux1 ), and Schp ≡ (ηp /ρ1 Kp ) is the
Schmidt number. The PUI pressure equation yields
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After some algebra, a single second-order ordinary differential equation can be
obtained for the structure of an oblique shock,
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and ag is the thermal gas sound speed. Here, k̄ is the perpendicular diffusion coefficient normalized to the parallel diffusion coefficient (= K⊥ /Kk ).
Section 5.3 is the general shock structure equation in the presence of both
PUI collisionless heat flux and collisionless viscosity. The structure of an oblique
MHD shock in the absence of energetic particle viscosity was investigated by Webb
(1983) [127]. If we let ηp tend to zero, we obtain the same equation derived by Webb
(1983) [127],
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Equation (5.11) has two solution regimes. The first regime corresponds to smooth
transitions connecting an upstream state (y = 1) and a downstream state (y = y∞ )
via a unique solution. Thus, the energetic particle heat flux alone is sufficient to
smooth the shock transition. However, the second regime needs additional dissipation.
The solution of Equation (5.11) in the second regime is a nonphysical double-valued
solution and a smooth transition from upstream to downstream is impossible. As
discussed by Whitham (1974) [129], this case has a magnetosonic point y = ys (i.e.,
the flow speed is equal to the thermal magnetosonic speed) greater than y∞ . Drury
& Vol̈k (1981) and Webb (1983) [29, 127] showed that it is necessary to insert a “gas
sub-shock” in the flow to reach the downstream state. The assumption underlying
the insertion of a gas sub-shock is that energetic particle dissipation is not sufficient
to smooth the shock transition and another dissipation mechanism due to the thermal
gas must be provided. However, the assumption of adding thermal gas dissipation
may not always be correct especially in the outer heliosphere, which is dominated by
PUI or energetic particle pressure [38]. Thus, PUIs may play a critical role in the
dissipation process at interplanetary shocks propagating in the outer heliosphere and
adding a gas sub-shock may not be a reasonable assumption. As was predicted by
Zank et al. (1996) [55] and confirmed by Richardson et al. (2008) [63], the dissipation
mechanism at the HTS is provided primarily by reflected PUIs and not by thermal
gas protons (see also [65, 147–149]). Consequently, the basic dissipation process at
the HTS is due to the nearly-isotropic PUIs. Voyager 2 observations showed that
the IHS is thermally dominated by energetic particles such as PUIs and ACRs and
the plasma beta is therefore, β = (Pg + Pp )/PB  1 ( [10]; Zank et al. (2017) [159]
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calculated β ∼ 14). Shock waves propagating in the IHS may be largely dissipated
by PUIs rather than thermal gas. Therefore, the inclusion of PUI dissipation is more
appropriate than introducing a gas sub-shock in the IHS.
All shocks in a non-magnetized cold thermal gas have a smooth structure when
energetic particles are included [12]. However, Webb (1983) [127] found that the
structure of an MHD shock accelerating energetic particles with a cold gas upstream
is not necessary smoothed by heat conduction associated with energetic particles in
some Mach number regimes. Webb (1983) [127] concluded that a gas sub-shock is
sometimes necessary in the absence of additional dissipation mechanisms, even in a
cold thermal gas plasma.
Mostafavi et al. (2017a, b) [65, 128] studied the structure of hydrodynamic
shock waves (the case of very large plasma beta) in the presence of both PUI collisionless viscosity and collisionless heat flux terms (more details in Chapter 3). Since
there is no change in magnetic field magnitude and direction across a parallel shock,
the hydrodynamic shock structure model is similar to that of the parallel shock (i.e.,
θ = 0, yB = 0; the magnetic field is parallel to the shock normal). If we set θ = 0 in
our general Section 5.3, we obtain the same shock structure equation as [65],
"
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(5.14)

µ2p ≡

(γp −1)
,
(γp +1)

γ +1

and ys g

≡

1
2 .
Ms1

Equation (5.13) is a second-order differential equation

which has no singular point to introduce double-valued solutions. Mostafavi et al.
(2017a) [65] showed that the combination of both PUI collisonless heat flux and
viscosity is sufficient to smooth all energetic particle mediated shocks in the absence
of a magnetic field.
The structure of a perpendicular shock, i.e., for a magnetic field is perpendicular to the shock normal, can be obtained by setting θ = π/2 in Section 5.3,
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where
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This equation is structurally similar to that of the perpendicular VLISM shock wave
studied by Mostafavi & Zank (2018) [101] (details in Chapter 7). However, in the
VLISM, the dissipation is provide by the thermal gas and not PUIs [101].
Solutions for four different shock obliquity angles for the PUI collisionless
viscous-heat conduction Section 5.3 are shown in Figure 5.1. In the absence of collisionless viscosity, the choice of parameters used in Figures 5.1(a) to 5.1(d) ensure
that the solutions are double-valued, which means that heat conduction alone is in-
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(a)

(b)

(c)

(d)

Figure 5.1: Smoothed shock transitions when both PUI collisionless viscosity and
heat conduction are present. Here γg = γp = 5/3, Pp1 /Pg1 = 10.0, Ms1 = 15, and
MA1 = (yA + yB )−1/2 = 4.47. The inverse compression ratio is plotted as a function
of normalized distance for a: θ = 0◦ , i.e., a parallel shock. b: θ = 17.5◦ . c: θ = 80◦ .
d: θ = 90◦ , i.e., a perpendicular shock.

sufficient to smooth the shock structure [127]. However, the inclusion of collisionless
viscosity along with heat conduction leads to the complete smoothing of the shock
transition from the upstream to the downstream state for all of these angles. The
only angle at which the shock structure is not smooth is at an angle θ = 54.7◦ . This
limitation is not physical, but technical since the assumed form of viscosity term goes
to zero at this specific angle (the root of cos2 θ − 1/3 = 0). This singular behavior
can be eliminated by a more complete physical treatment of the viscosity term. For
now, we do not consider the this aspect of the problem. The thickness of shock waves
is determined by the dominant dissipation mechanism of the system. Equation (5.4)

135

(a)

(b)

(c)

(d)

Figure 5.2: Smoothed shock transitions when both PUI viscosity and heat conduction are included. Here θ = 30◦ , γg = γp = 5/3, Pp1 /Pg1 = 0.2, Ms1 = 8.0,
and MA1 = (yA + yB )−1/2 = 5.0. a: Inverse compression ratio, Ux /Ux1 , showing
the smoothed shock as a function of normalized position. b: Tangential component
of velocity as a function of normalized distance. c: Tangential component of magnetic field as a function of normalized distance. d: PUI, thermal gas, and magnetic
field pressure normalized to the thermal gas pressure far upstream as a function of
distance.

shows that the viscosity term, Πxx , for a parallel shock is larger than that of a perpendicular shock. Since the parallel diffusion coefficient is larger than the perpendicular
diffusion coefficient (Kk > K⊥ ), the thickness of the parallel shock (Figure 5.1(a)) is
larger than that of the perpendicular shock (Figure 5.1(d)).
Figure 5.2 shows an example of a shock wave for the case where θ = 30◦ ,
Ms1 = 8.0, MA1 = 5.0, and Pp1 /Pg1 = 0.2. Figure 5.2(a) and Figure 5.2(b) are
plots of the inverse compression ratio and the normalized tangential component of
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the velocity as a function of normalized distance, all of which show a smooth shock
transition. The change in the tangential component of the magnetic field along the
y axis as a function of normalized position is plotted in Figure 5.2(c). Figure 5.2(d)
shows normalized plots of the PUI, thermal gas, and magnetic pressure along the
shock transition.

5.4

The Heliospheric Termination Shock

The physical properties of the supersonic solar wind charged particles change
dramatically at the HTS, which is an example of a collisionless supercritical shock.
Voyager 2 observations showed that the temperature of thermal gas upstream of the
HTS is about 20, 000 K. The PUI temperature upstream of HTS was estimated to
be about 1.56 × 106 K by Zank et al. (2010) and Burrows et al. (2010) [80, 81].
Even though the PUI number density is about 20% that of the total thermal protons,
its pressure is the dominant thermal component and much greater than that of the
thermal gas ( Pp1 = 5.38 × 10−15 P a  Pg1 = 2.76 × 10−16 P a). The measurements
taken by the Voyager 2 crossing revealed that the HTS was unlike heliospheric shocks
observed previously by other spacecraft [63, 64]. A very small percentage of the
upstream solar wind flow energy is converted to downstream heating of the thermal
gas. Most of the energy goes instead to heat non-thermalized PUIs. We use our
model to numerically simulate the second crossing of the HTS, TS-2, by Voyager 2
based on upstream parameters from the Richardson et al. (2008) [63] observations.
TS-2 moved with a speed of about 90 km/s with respect to the Sun in the outward
direction.
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It is generally believed that the HTS is nearly perpendicular because of its large
distance from the Sun and Parker spiral structure of the magnetic field. However, this
is true in the absence of any turbulence and fluctuations on the shock surface. The
creation of energetic PUIs and ACRs in the outer heliosphere and their acceleration
at a shock leads to the generation of turbulence and instabilities that can affect the
shock structure [41,160]. Upstream density and magnetic field fluctuations can affect
the shock structure and introduce rippling of the shock surface [161]. The plasma
instrument and magnetometer on Voyager 2 detected at least five crossings of the
HTS [63]. The multiple crossings of the HTS have been interpreted [148, 149] as
possibly due to a rippled or reforming shock and it is possible that the HTS is, in
some regions, an oblique shock or even a parallel shock. TSPs, which are believed
to be PUIs that are energized and accelerated at the HTS, can be reflected into the
heliosphere along the magnetic field at an oblique or quasi-parallel HTS. Voyager
1 observations of TSPs showed a significant increase in the number density a few
months before the HTS crossing [73, 74]. The distance that these energetic particles
reached is much greater than the particles’ gyro-radius. It is therefore possible that
the TSPs propagated along the magnetic field from the HTS as a result of reflection
at a quasi-parallel HTS [158].
Figure 5.3 and Figure 5.4 show the properties of a perpendicular and parallel
HTS, respectively using the same upstream conditions. Figure 5.3(a) shows that the
compression ratio of the perpendicular HTS, r = 1/y, is about 2.83, whereas Voyager
2 observations showed a compression ratio of about 2.38 ± 0.4 for a nearly perpendicular shock [8]. In contrast the parallel HTS yields a larger compression ratio of
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(a)

(b)

(c)

(d)

Figure 5.3: Smoothed shock transition corresponding to a perpendicular HTS when both
the PUI heat flux and viscosity are included. Here, θ = 90◦ , γg = γp = 5/3, Pp1 /Pg1 = 19.5,
Ms1 = 13.85, and MA1 = (yB )−1/2 = 6.6. a: Inverse compression ratio, Ux /Ux1 , showing
the smoothed shock as a function of unnormalized position. b: The tangential component of
the magnetic field normalized to the upstream value as a function of unnormalized distance.
c: PUI, thermal gas, and magnetic field pressure normalized to the thermal gas pressure far
upstream. The HTS is mediated by PUIs with almost all the upstream ram energy being
converted to downstream PUI internal energy. d: The thermal gas Mach number,
q Ms ≡
u/ag , and the combined thermal gas, fast magnetosonic Mach number, Mms ≡ u/ a2g + VA2 ,
q
and PUI Mach number, Mc ≡ u/ a2g + a2p , through the HTS. Relative to the combined
sound speed, the flow is subsonic downstream of the HTS.

139

(a)

(b)

(c)

(d)

Figure 5.4: Smoothed shock transition corresponding to a parallel HTS when both the
PUI heat flux and viscosity are included. Here, all the parameters are the same as in
Figure 5.3 except θ = 0◦ and MA1 = (yA )−1/2 = 6.6. a: Inverse compression ratio as a
function of unnormalized position. b: The tangential component of the magnetic field is
zero for the parallel shock. c: PUI, thermal gas, and magnetic field pressure normalized
to the thermal gas pressure far upstream. d:qThe thermal gas Mach number, Ms ≡ u/ag ,
fast magnetosonic Mach number, Mms ≡ u/ a2g + VA2 , and the combined thermal gas and
q
PUI Mach number, Mc ≡ u/ a2g + a2p , through the HTS. Relative to the combined sound
speed, the flow is subsonic downstream of the HTS.
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about 3 (Figure 5.4(a)). The normalized tangential component of the magnetic field
as a function of unnormalized distance is shown in Figure 5.3(b) and Figure 5.4(b).
The normal component of the magnetic field, Bx , is zero for the perpendicular case.
As usual, the downstream density and tangential magnetic field components at a perpendicular shock increase by the same fraction as the normal velocity decreases (i.e.,
B/ρ = constant) [162]. However, at the parallel shock the magnitude and direction of
the magnetic field do not change across the shock, and the shock, therefore, becomes
a purely gas-dynamic shock (Figure 5.4(b)). Figure 5.3(c) and Figure 5.4(c) show
plots of the normalized PUI, thermal gas, and magnetic field pressure as a function of
unnormalized position. The thermal gas experiences adiabatic heating only, and the
incident ram pressure is converted primarily to PUI and magnetic pressure (almost
all being converted to PUI pressure). The PUI and thermal gas pressure downstream
of the parallel HTS are greater than those at the perpendicular HTS. The thermal
gas Mach number through the HTS (Figure 5.3(d) and Figure 5.4(d)) shows that the
flow with respect to the thermal gas downstream of the shock remains supersonic.
This is consistent with the Voyager 2 observations [63] that showed that the small
increase in thermal gas temperature across the shock did not change the flow from
supersonic upstream to subsonic downstream. The change of fast magnetosonic Mach
number through the HTS shows that the magnetic field and thermal gas pressure are
not sufficient to ensure a supersonic-subsonic transition. However, the combined PUI
and thermal gas Mach number through the HTS shows that the inclusion of PUIs
changes the flow from supersonic to subsonic. This illustrates that PUIs provide the
dominant dissipation mechanism at the HTS. PUIs and thermal gas are more heated
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Table 5.1: The downstream parameters for either a perpendicular HTS or parallel
HTS. This table is adapted from Mostafavi et al. (2018).
Parameters
Compression ratio
Thermal gas pressure (kgm−1 s−2 )
PUI pressure (kgm−1 s−2 )
Magnetic pressure (kgm−1 s−2 )

Downstream of the Perpendicular HTS
2.83
1.57 × 10−15
5.42 × 10−14
8.02 × 10−15

Downstream of the Parallel HTS
3
1.75 × 10−15
6.3 × 10−14
9.94 × 10−16

downstream of the parallel HTS than at the perpendicular HTS. The plasma beta
downstream of the HTS, in the IHS, is about 0.2 (< 1) when PUIs are neglected.
However, with the inclusion of PUIs, the plasma beta is about 7 which is consistent
with Voyager 2 observations [10].
Comparisons between the parallel HTS and perpendicular HTS are listed in
Table 5.1. As discussed, the parallel HTS is more compressed. The PUI and thermal
gas pressure are larger at the parallel shock than at the perpendicular shock, suggesting that important differences can arise from the obliquity of a shock wave. In
view of these results, we conclude this section by showing results for a quasi-parallel
◦

◦

(θ = 30 ) and quasi-perpendicular (θ = 75 ) HTS. The results are shown in Figure 5.5
and Figure 5.6.

5.5

Conclusions

Energetic particles such as PUIs, ACRs, and SEPs play a critical role in determining the structure of heliospheric shock waves. In this work, we distinguish energetic particles from thermal solar wind particles and thus distinguish the dissipation
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(a)

(b)

(c)

(d)

Figure 5.5: Smoothed shock transition corresponding to an oblique HTS when both
the PUI heat flux and viscosity are included. Here, all the parameters are the same as
in Figures 5.3 to 5.4 except that θ = 30◦ . a: Inverse compression ratio as a function of
normalized position. b: PUI, thermal gas, and magnetic field pressure normalized to
the thermal gas pressure far upstream. c: The unnormalized thermal gas temperature
through the HTS as a function of unnormalized distance. d: The unnormalized PUI
temperature through the HTS as a function of unnormalized distance.
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(a)

(b)

(c)

(d)

Figure 5.6: Smoothed shock transition corresponding to an oblique HTS when both
the PUI heat flux and viscosity are included. Here, all the parameters are the same as
in Figures 5.3 to 5.5 except that θ = 75◦ . a: Inverse compression ratio as a function of
normalized position. b: PUI, thermal gas, and magnetic field pressure normalized to
the thermal gas pressure far upstream. c: The unnormalized thermal gas temperature
through the HTS as a function of unnormalized distance. d: The unnormalized PUI
temperature through the HTS as a function of unnormalized distance.
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mechanisms responsible for determining the structure of shocks in the heliosphere.
We derived a general collisionless oblique magnetized shock wave structure equation
which includes both the energetic particle collisionless heat conduction and viscosity. The second-order shock structure equation shows that all transitions from the
upstream to the downstream state are smooth except for the angle at which the PUI
viscosity goes to zero (θ = 54.7◦ ). This limitation does not have a physical meaning,
and is due to our assumption of a slightly simplified form of the viscosity coefficient.
We showed that the region downstream of the HTS is supersonic with respect to the thermal solar wind plasma, but subsonic when PUIs are included selfconsistently. Thus, most of the upstream solar wind flow energy is converted to
downstream PUI heating and the thermal solar wind remains relatively cold. The
structure of shock waves in the outer heliosphere can be affected by turbulence and
instabilities because of the existence of PUIs and ACRs. These fluctuations can introduce rippling on the shock surface in the outer heliosphere. The HTS is therefore
unlike to always be a quasi-perpendicular shock and in some regions can be an oblique
or a parallel shock. The TSPs that propagate along the interplanetary magnetic field
from the HTS to distances much greater than the particle’s gyro-radius can result
from reflection at regimes where the HTS is a quasi-parallel. We studied the structure and properties of an oblique, parallel, and perpendicular HTS. On comparing
the properties of a parallel and perpendicular HTS, we find that the parallel HTS has
larger compression ratio and thus heats the PUIs and thermal gas more than at a
perpendicular HTS. The parallel HTS is thicker than the perpendicular HTS because
of the correspondingly smaller heat flux across the magnetic field than along.
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CHAPTER 6

INNER HELIOSHEATH SHOCKS AND THEIR EFFECT ON
ENERGETIC NEUTRAL ATOM OBSERVATIONS BY IBEX

A collision between an interplanetary disturbance in the solar wind and the
heliospheric termination shock (HTS) leads to the generation and propagation of
plasma structures in the inner heliosheath (IHS). The interaction between an interplanetary shock and the HTS can lead to one or more shocks propagating in the IHS
until they collide with the HP. IHS shocks are 1) partially reflected at the HP and
propagate back into the subsonic IHS and 2) partially transmitted into the very local
interstellar medium. The IHS is dominated by the pressure of energetic particles as
was observed by the low energy charged particle instrument on Voyager 2 and by remote observations from IBEX, making the plasma beta, when the energetic particle
pressure is included, much greater than one. We model IHS shocks using a pickup
ion (PUI)-mediated plasma model and show that they are mediated by PUIs. The
dissipation mechanism at perpendicular IHS shocks results primarily in PUIs being
heated. Only a very small percentage of the upstream solar wind flow energy is converted to heating of lower energy thermal solar wind ions at the shock. IHS shocks
are broad since the diffusion coefficient associated with PUIs is large. The presence
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of IHS shocks results in greater heating of the PUI component in the IHS. The increased temperature enhances the production of energetic neutral atoms (ENAs) due
to charge exchange between IHS PUIs and interstellar neutral gas. When IHS shocks
are included in the model, we find that the predicted enhancement of the ENA flux
leads to better consistency with corresponding IBEX observations. This chapter is
adapted from Mostafavi et al. (2019) [163].

6.1

Introduction

The sun continuously emits solar wind ions into the heliosphere. The solar
wind ions propagate supersonically into the heliosphere until they reach the heliospheric termination shock (HTS). The HTS and the inner heliosheath (IHS), a region
of heated thermal solar wind ions and energetic particles between the HTS and the
heliospheric boundary (heliopause; HP), have been explored by Voyager 1 and 2.
Voyager 1 crossed the HTS at 94 au in 2004 [156] whereas the Voyager 2 crossing was
about 10 au closer at 84 au in 2007 [164]. Unfortunately, there are no observations
during the Voyager 1 crossing due to a data gap. Voyager 2 crossed the HTS during a
period when all instruments were working properly, including the plasma instrument
and were able to return data. The measurements taken by Voyager 2 at the HTS
crossing revealed that a very small percentage of the upstream solar wind flow energy is converted to downstream heating of the thermal solar wind plasma [63]. The
observed temperature of the thermal plasma downstream of the HTS was much less
than the temperature anticipated by the MHD models [165, 166]. It was predicted
by Zank et al. (1996) [55] that most of the upstream kinetic energy will be dissi147

pated in heating the higher energy pickup ions (PUIs). PUIs, which are produced
through charge exchange between interstellar neutral atoms and thermal solar wind
ions in the heliosphere, are not equilibrated with the thermal ions. Reflected PUIs
at the cross-shock electrostatic potential of the HTS provide significant amounts of
dissipative heating of the bulk flow (Zank et al. 1996, 2010 [55, 81]; Burrows et al.
2010 [80]; Mostafavi et al. 2017a, 2018 [65, 76, 128]; Lembege & Yang (2016) [167]
Kumar et al. 2018 [168]). Zank et al. (2010) [81] studied the microphysics of the
HTS and computed the temperature of reflected and transmitted PUIs downstream
of the HTS. Mostafavi et al (2017 a,b) [65, 128] and Zank et al. (2018) [169] used a
PUI-mediated plasma model to investigate the structure and properties of the HTS,
finding preferential heating of PUIs compared to the thermal solar wind ions.
Decker et al. (2015) [10], using the Low Energy Charged Particle (LECP)
instrument on Voyager 2, showed that the IHS, when accounting for anomalous cosmic
rays (ACRs)/energetic particles with energies more than 28 keV produce a plasma
beta greater than one. Even though Voyager cannot measure PUIs, based on the
low thermal solar wind pressure downstream of the HTS, we know that the IHS is
dominated by the energetic PUI [55]. Zank et al. (2017) [159] considered the PUI
pressure in the IHS and estimated the plasma beta to be about 14 (with the inclusion
of only thermal solar wind ions and PUIs). Thus, any shocks propagating in the
IHS should be mediated by energetic PUIs, and PUIs may be the primary dissipation
mechanism for quasi-perpendicular IHS shocks.
Some fraction of the PUIs in the IHS undergo charge exchange with interstellar
neutral atoms and become energetic neutral atoms (ENAs). These ENAs move freely
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across the magnetic field and some propagate into in the heliosphere and can be
detected by the Interstellar Boundary Explorer (IBEX) spacecraft located near the
Earth at 1 au (McComas et al. 2009a, [170]). The IBEX mission images ENAs
that propagate from the outer heliosphere and the LISM. ENAs originating primarily
from the IHS form the globally distributed flux (GDF) [171, 172] and are the focus
of this paper. Multiple studies have used the theory of ion acceleration at the HTS
from Zank et al. (2010) [81] to simulate PUIs in the IHS. Zank et al. (2010) [81]
only considered PUIs from the supersonic solar wind and assumed that the number
density and temperature of particles in the IHS are constant. Desai et al. (2012) [173]
compared modeled ENA spectra from Zank et al. (2010) [81] to IBEX observations
from 0.5 to 5 keV, finding that the transmitted PUI population contributes to most of
the ENA flux form 0.5 to 5 keV, corresponding to the IBEX-Hi energy range. Desai
et al. (2014) [118] extended Desai et al. (2012) [173] to include ENAs produced
from PUIs outside the HP, which could contribute significantly to ENA fluxes below
0.5 keV. Zirnstein et al. (2014) [82], accounting for the loss of energetic PUIs by
charge-exchange as they flow through the IHS, showed that PUIs from outside the HP
could contribute a significant number of ENAs from 0.02 to 10 keV. However, there
appears to be an average discrepancy between recent modeling results and IBEX ENA
observations, since recent models calculate fluxes a factor of 2-3 times lower (Zirnstein
et al. 2017, [174]). A potential solution for this problem is the energization of PUIs
by, e.g., turbulence in the IHS, which could account for this missing flux [175,176]. In
this study, we aim to show that shocks propagating through the IHS can also account
for at least part this missing flux.
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Shock waves during solar minimum generally result from fast solar wind streams
overtaking slower ones. The fast-slow solar wind stream interaction yields corotating
interaction regions (CIRs) that are bounded by a forward and reverse shock [177,178].
Shock waves during solar minimum are less frequent than during solar maximum.
During solar maximum, the Sun is more active and produces many coronal mass ejections (CMEs) in which fast CMEs generally have strong leading shocks. Strong shocks
produced during either solar minimum or maximum will eventually collide with the
HTS, driving the HTS outward initially and generating propagating plasma structures
in the IHS as shown by Story & Zank 1995, 1997 [88,179]; Zank et al. 2001 [180]; Zank
& Muller (2003) [181]; Washimi et al. 2011 [91]; and Provornikova et al. 2012 [51].
These authors showed that the transmission of a shock wave across the HTS produces a weakened transmitted shock propagating in the IHS, along with an advected
tangential or contact discontinuity. An IHS shock wave propagates through the IHS
until it reaches the HP, when it is partially reflected back into the subsonic IHS, and
partially transmitted into the very local interstellar medium (VLISM) [61, 91, 181].
Burlaga et al (2013) [95] identified an interplanetary transmitted shock in the VLISM
using Voyager 1 observations. Mostafavi & Zank (2018 a,b) [101, 182] showed that
the 2012 shock in the VLISM was collisional with respect to the thermal gas and its
structure was extremely broad.
Here, we use a PUI-mediated plasma model presented by Zank et al. 2014,
2016 [27,114] to describe the structure of IHS shocks and show that the IHS shocks are
mediated by suprathermal PUIs. PUIs introduce a collisionless heat conduction and
viscosity (dissipation) in the IHS, and these processes are responsible for determining
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the structure of IHS shocks. Thus, similar to the HTS [65, 128, 159], the primary
dissipation mechanism at quasi-perpendicular IHS shocks is not provided by thermal
solar wind ions, but PUIs. The diffusion coefficient associated with PUIs is large and
acts to broaden shocks in the IHS. Therefore, shocks in the IHS are expected to be
broad and have a temporal thickness of about 0.1-0.3 au depending on their speed.
The propagation of interplanetary shocks into the IHS results in further heating of
PUIs and consequently the more effective production of ENAs due to charge exchange
between interstellar neutral gas and hot IHS PUIs. Thus, the inclusion of IHS shocks
predicts an enhancement of the ENA flux, which improves the agreement with IBEX
observations compared to previous models that neglect the dynamics of shocks in the
IHS.
This chapter is organized as follows. We first briefly summarize the PUImediated plasma model used to study the structure of IHS shocks. In section 3, we
model IHS shocks and estimate the resulting enhanced ENA flux at 1 au and compare
it to IBEX observations. Finally, we discuss and summarize our results.

6.2

Modeling the IHS shocks

Zank et al. (2014, 2016) [27, 114] showed that PUIs in the IHS are not equilibrated with the background thermal solar wind ions and they therefore should be
treated as a separate component in the system. We use the PUI-mediated plasma
model presented by Zank et al. (2014) [114] which is a two-fluid model that includes
nonthermal PUIs, the thermal solar wind plasma, and the magnetic field. We aim to
study the structure of collisionless shock waves in the IHS. PUIs experience pitch an151

gle scattering because of scattering off magnetic field fluctuations, which introduces a
collisionless heat flux and a collisionless viscosity in the system. We therefore include
both collisionless dissipation terms (heat flux and viscosity) associated with PUIs.
The collisionless diffusion coefficient associated with PUIs in the IHS can be esti2

B
mated by Kp = 13 U12 (δB)
2 τs . The PUI pitch-angle scattering time-scale, τs , in the IHS

is calculated to be 2.6 × 104 s which gives a diffusion coefficient of about 1.6 × 1016
m2 /s. The approximate value of the PUI viscosity is Pp τs = 3 × 10−9 kg/m s, which
yields a PUI Schmidt number (i.e., the ratio between PUI collisionless viscosity and
heat flux) of about 0.05. Similar to the HTS (Richardson et al. 2008), and PUI
dissipation terms are large, PUIs will be heated preferentially, and the thermal solar
wind will behave essentially adiabatically and remain relatively unheated.
Most IHS shocks in the nose direction are quasi-perpendicular because of the
Parker spiral structure of the magnetic field in the distant heliosphere. The structure
of a steady PUI-mediated collisionless perpendicular shock is governed by (Mostafavi
et al. 2018, [76])
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(6.2)

Figure 6.1: Smoothed shock transition corresponding to a perpendicular weak IHS
shock when both the PUI heat flux and viscosity are included. Inverse compression
ratio,Ux /Ux1 , showing the smoothed shock as a function of distance. Here γg = γp =
5/3, Pp1 /Pg1 = 24.9, yB = 0.023, and Ms1 = 7.87.

2
= (ρ1 U1 )/(γg Pg1 ) is the thermal solar wind Mach number of the flow
Here, Ms1

upstream of the shock, ρ is the total density, U is the bulk flow velocity and y the
inverse compression ratio. All quantities pertaining to PUIs and thermal solar wind
are denoted by the subscript p and g, respectively. γ( p/g) and Pp1/g1 are the adiabatic
indices and far upstream pressure of the PUIs/thermal solar wind, respectively. x̄ is
the distance normalized to the PUI diffusion length scale K/U , and Schp is the
Schmidt number. The square of the inverse Alfvén Mach number far upstream is yB .

6.3

Results

We use the set of equations described in the last section to study the structure
of perpendicular shock waves in the IHS. Zank et al. (2010) [81] estimated that
the suprathermal PUIs inside the IHS have a number density of about 25% of the
thermal solar wind density. They, therefore, contribute a large pressure compared to
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the thermal plasma (Pp1 /Pg1 24.9; [76]). We need to estimate the shock propagation
speed to simulate an IHS shock. Most shocks in the outer heliosphere are of the
fast forward type [183]. Thus, we consider fast mode shocks in the IHS that have
a propagation speed that exceeds the magnetosonic speed of the region. We model
a strong and weak shock in the IHS, using upstream parameters γp = γg = 5/3,
Pp1 /Pg1 = 24.9, and solve Equation (1) in the stationary frame of the shock. We use
a thermal solar wind density and average magnetic field strength in the IHS of about
0.0028 cm−3 and 0.12 nT, respectively [184]. An example of a weak IHS shock with
Ms1 = 7.87 and yB = 0.023 is shown in Figure 6.1. This shock has a compression
ratio of about 1.75. The magnetic field magnitude, PUI, and thermal gas temperature
as a function of distance show a smooth transition (Figure 6.2(a)). The thickness of
this shock, as determined by PUI diffusion length scale, is about 0.14 au. PUI and
thermal gas temperature and magnetic field magnitude as a function of distance show
that this weak IHS shock is mediated by PUIs (Figure 6.2(b)).
Figure 6.3 shows an example of a strong IHS shock with Ms1 = 10.3 and
yB = 0.0096. The magnetic field magnitude, PUI and thermal gas temperature as a
function of distance are shown in Figure 6.4(a). The plot shows a smooth transition
connecting the upstream to the downstream state with the compression ratio of 2.25.
The thickness of the shock is broad and about 0.22 au which is determined by PUI
diffusion length scale. Figure 6.4(b) illustrates the thermal gas, magnetic, and PUI
pressure as a function of distance. The shock is mediated by the PUI pressure, which
is the dominant component upstream and downstream of the shock in the IHS. As
at the HTS, the thermal gas does not contribute a large downstream pressure. The
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(a)

(b)

Figure 6.2: Smoothed shock transition corresponding to a perpendicular weak shock
in the IHS. Here, all of the parameters are the same as in Figure 6.1. (a) Left axis: PUI
and thermal gas temperature, Right axis: magnetic field magnitude (nT), through
the IHS shock as a function of distance. (b) PUI, thermal gas, and magnetic pressure
as a function of distance.
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Figure 6.3: Smoothed shock transition corresponding to a perpendicular strong IHS
shock when both the PUI heat flux and viscosity are included. Inverse compression
ratio,Ux /Ux1 , showing the smoothed shock as a function of distance. Here γg = γp =
5/3, Pp1 /Pg1 = 24.9, yB = 0.013, and Ms1 = 10.3.

figures show that the scale length is determined by the large diffusion coefficient
associated with PUIs. Therefore, shocks in the IHS are broad with a thickness that
is

0.1-0.3 au depending on their strength. IHS shocks observed in the IHS by the

Voyager spacecraft have a corresponding thickness.
Next, we estimate the ENA flux that IBEX might observe at 1 au when shocks
are present in the IHS. We have used the first 5 years average of the ENA flux
observed by IBEX [185], statistically combining nine 6◦ × 6◦ pixels nearest to the
Voyager 1 direction. During the first few years, IBEX maps generally reflect solar
minimum conditions. During solar minimum the number of shocks propagating in
the heliosphere is less than solar maximum. We assume that there are at least two
shocks propagating in the IHS all the time (based on the Washimi et al. 2012 [61]
model). The approximate transit time of a shock across the IHS is about 5-6 months
depending on its speed.
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(a)

(b)

Figure 6.4: Smoothed shock transition corresponding to a perpendicular weak shock
in the IHS. Here, all of the parameters are the same as in Figure 6.3. (a) Left axis: PUI
and thermal gas temperature, Right axis: magnetic field magnitude (nT), through
the IHS shock as a function of distance. (b) PUI, thermal gas, and magnetic pressure
as a function of distance.
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In order to model the ENA flux along the Voyager 1 direction in the IHS,
we construct the total proton distribution downstream of the HTS by taking the
upstream shock values for the thermal ion and PUI populations from Figure 6.1 and
Figure 6.3. We calculate a total density of 0.0035 cm−3 and effective temperature
2.5×106 K. We assume that the combined thermal solar wind ion and PUI distribution
just downstream of the HTS is a kappa distribution with kappa index = 2 [186]. Then,
we propagate the proton distribution through the IHS while taking into account losses
by charge-exchange with interstellar neutral atoms, according to [187]

 Z
f (r, v) = f (rHT S , v)exp −

r

dr
σ(vrel )vrel
u
rHT S


(6.3)

where rHT S is the distance to the HTS, nH = 0.1 cm−3 is the interstellar neutral
hydrogen density (e.g., Bzowski et al. 2009 [188]), u = 40 km/s is the average solar
wind bulk flow speed observed by Voyager 1 in the IHS (e.g., Krimigis et al. 2011 [83]),
vrel is the relative speed of interaction between protons and interstellar neutral atoms
given by (e.g., Chalov et al. 2003 [189])

v2
u2
vrel (v < u) = u + ; vrel (v > u) = v + ,
3u
3v

(6.4)

and σ is the energy-dependent, charge-exchange cross section [190]. The proton
effective temperature is enhanced at the locations of the shocks shown in Figure 6.5(a),
with their corresponding partial density at 1-5 keV shown in Figure 6.5(b). We
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(a)

(b)

Figure 6.5: An example of the IHS effective temperature (a) and partial density at
1-5 keV (b) when two shocks are present in the IHS. Red and blue curves show the
case with two strong shocks and two weak shocks present, respectively.
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consider the possibilities of two weak shocks or two strong shocks in the IHS (Blue
curves and red curves in Figure 6.5, respectively).
The ENA model results and observations by IBEX in the Voyager 1 direction
at 1 au for both cases of IHS with two shocks are plotted in Figure 6.6. The presence
of shock waves in the IHS increases the IHS PUI temperature primarily which leads
to an increased production of ∼ keV ENAs from the IHS. The number of ENAs in
the presence of shock waves is increased and the predicted ENA flux is in a better
agreement with the observed IBEX ENA flux. Thus, the difference between IBEX
observations and previous models may be explained in part by considering the energization of PUIs by shock waves in the IHS. In Figure 6.6, we show some different
possible cases of shocks in the IHS. The blue curve shows the case when two weak
shocks are present in the IHS and the red curve shows the IHS with two strong shocks.
Strong shocks are not always present in the IHS, especially during solar minimum.
The presence of a strong and weak shock in the IHS gives the ENA flux with the
green curve. This curve is very consistent with IBEX-Hi observations. The gray
region represents an estimation of the ENA flux during the solar minimum (the estimate is based on Washimi et al. 2012 [61]). Thus, this result shows that shocks
in the IHS provide an extra source of PUI energization and only by increasing the
net PUI temperature in the IHS, may be responsible for some part of the missing
ENA flux. Other mechanisms such as turbulence might also be another source of
PUI energization in the IHS, as shown by Zirnstein et al. (2018a,b) [175, 176].
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Figure 6.6: ENA differential energy flux at 1 au vs. energy in the Voyager 1 direction.
All fluxes have been survival-probability corrected for ENA losses within 100 au of the
Sun. Black dots represent the ENA flux from the five energy channels of IBEX-Hi.
The black dashed curve shows the ENA flux in the absence of shocks in the IHS. The
blue and red curves show the ENA flux in the presence of two weak shocks and two
strong shocks in the IHS, respectively. The green curve shows a case with one weak
and one strong shock in the IHS. The gray region shows an estimate of the ENA flux
during solar minimum.

6.4

Conclusuions

Shocks propagate continuously through the IHS because of the interaction between the HTS and interplanetary disturbances with an increased pressure or density.
The IHS is a subsonic region that leads to the partial reflection of shocks after their
collision with the HP. Thus, the presence of shocks in the IHS should not be ignored
in modeling and analyzing outer heliospheric observations. The IHS is thermally
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dominated by energetic PUIs that mediate shocks propagating in this region. We
have shown that shocks in the IHS are broad because of the large diffusion coefficient
associated with PUIs. This results in further heating of the PUI component in the
IHS rather than heating of the subsonic thermal solar wind plasma. The IHS temperature is therefore increased further by transmitted interplanetary shocks, which
results in the more effective production of ∼ keV ENAs. We have shown that the
production of ENAs in the presence of shocks in the IHS yields better consistency
with the observed IBEX ENA flux at 1 au.
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CHAPTER 7

THE STRUCTURE OF SHOCKS IN THE VERY LOCAL
INTERSTELLAR MEDIUM

In this chapter, we present a model to describe the VLISM shock observed by
Voyager 1 in 2012. This shock was a weak, quasi-perpendicular, low magnetosonic
Mach number, low beta, and subcritical shock. Although the heliosphere is a collisionless environment, we show that the VLISM is collisional with respect to the
thermal plasma and the thermal collisions introduce dissipative terms such as heat
conduction and viscosity. The structure of the VLISM shock is determined by thermal
proton-proton collisions. VLISM pickup ions (PUIs) do not introduce a significant
pressure nor dissipation through the shock transition meaning the VLISM shock is
not mediated by PUIs but by the thermal gas and magnetic field only. Therefore,
VLISM shocks are controlled by particle collisions and not by wave-particle interactions. We find that the weak VLISM shock observed in 2012 is very broad with a
thickness of about 0.12 AU, corresponding to the characteristic thermal heat conduction scale length. We also show that the observed magnetic pressure wave by Voyager
1 in late 2016 is very broad and cannot be the result of the decay of a collisional
shock in the VLISM. This magnetic pressure wave might be driven by the motion of
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the heliopause into the VLISM. This chapter is adapted from Mostafavi et al. (2018
a,b) and Burlaga et al. (2019).

7.1

Introduction

The Voyager 1 spacecraft crossed into the VLISM after passing the HP on
August 25, 2012. Anomalous cosmic rays (ACRs) and termination shock particles
(TSP), which are dominant in the inner heliosheath (IHS), vanished abruptly and the
galactic cosmic ray flux increased significantly. The Voyager 1 magnetometer detected
a change in the magnetic field strength. These are the characteristics of the VLISM
[94,191,192]. With Voyager 1 in the VLISM, we are now making in situ measurements
of the interstellar medium. Although the plasma instrument on Voyager 1 stopped
working in 1980, the electron number density can be estimated from the frequency of
electron plasma oscillations [96]. A remarkable discovery made by Voyager 1 was the
observation of shock waves in interstellar space [95]. The observed VLISM shocks are
due to interplanetary shocks propagating outward from energetic solar events such
as coronal mass ejections (CMEs). The CME-driven shocks propagate through the
supersonic solar wind, collide with the HTS, causing it to move outward, and then
propagate through the inner heliosheath, until the HP, where the shock is partially
reflected to propagate back into heliosheath and partially transmitted into the VLISM
[89, 91, 92, 98].
Gurnett et al. (2015) [100] found that abrupt changes in the magnetic field
and electron density detected by Voyager 1 in the VLISM corresponded to shock
waves. The observed frequency of shock waves in the VLISM is about one per year.
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The interstellar shocks are surprising in possessing properties quite different than
heliosphere shocks [95]. The VLISM shock shown by Burlaga et al. (2013) [95] was
observed to have a weak jump in magnetic field, B, and appeared to correspond to a
weak, low beta, and subcritical shock [193]. Using the coplanarity theorem, Burlaga
et al. (2013) [95] showed that the shock is quasi-perpendicular (the angle between
shock normal and B is about 85◦ ). The Voyager 1 magnetometer showed a very
weak change in magnetic field across the shock with a compression ratio of about
(B2 /B1 ≈ 1.4) (here 2/1 refers to the downstream/upstream state of the shock). The
significant property of the shock is its very smooth nature with very large width being
about 104 times broader than a shock with similar properties at 1 AU. There is thus
far no theoretical explanation for such a broad shock structure in the VLISM.
Collisional mean free paths in the heliosphere are very large. Collisionality
can be neglected and therefore wave-particle interactions are important inside the
heliosphere. Collisionless quasi-perpendicular shocks dissipate energy over a length
scale (i.e., ion inertial length scale) that is much less than the collisional length
scale [194]. Collisionless shocks have been observed throughout the heliosphere. In
this chapter, we show that the electron and proton collisional time scale in the VLISM
is much smaller than the characteristic dynamical time scale in the VLISM and the
corresponding collisional mean free paths are very small. Therefore, the VLISM is a
collisional environment and shock waves propagating in it are collisional with respect
to the thermal plasma. Thermal Coulomb collisions introduce dissipation terms such
as heat conduction and viscosity into the system and these processes are responsible
for determining the structure of VLISM shocks. Hot and fast neutral atoms created
165

in the supersonic solar wind and IHS are deposited in the VLISM [27,55,114], and can
experience secondary charge exchange with interstellar charged particles, which leads
to the creation of suprathermal PUIs in the VLISM. The very small number density of
VLISM PUIs compared to that of the thermal gas introduces a very small pressure in
the VLISM. We show that the physical process determining the structure of a VLISM
shock and the HTS is different. The HTS is mediated by PUIs and controlled by waveparticle interactions whereas VLISM shocks are controlled by particle collisions. Here
we present a theory describing the VLISM that accounts for the structure of VLISM
shocks, and we specifically model the VLISM shock observed at the end of 2012 by
Voyager 1.
During the year 2017, Voyager 1 moved from 113.15 to 116.31 AU, its longitude
increased from −35.9◦ to −36.2◦ , and its latitude increased from 290.1◦ to 290.2◦ . The
dominant structure observed beyond the heliopause by Voyager 1 during 2017 was a
magnetic pressure wave. We show that unlike the 2012 VLISM shock wave which was
a collisional shock with a thickness of about 8.7 days, the 2017 pressure wave with the
thickness of about 40 days cannot be a collisional shock and it cannot be the decay
of a shock in the VLISM, since it is moving into the VLISM with increasing density.
Washimi et al. (2017) [195] showed that the increase in the heliosheath ram pressure
leads to the expansion of the heliopause to a larger distance. Thus, the 2017 pressure
wave could have been produced by the expansion and motions of the heliopause.
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7.2

Collisionality of the VLISM

The VLISM is comprised of thermal electrons and protons, suprathermal PUIs,
and interstellar neutral atoms. In the VLISM, for the scales of interest here, the charge
exchange mean free path of protons and hydrogen is sufficiently large that we can
neglect their coupling. Zank et al. (2014) [114] discussed collisions between PUIs and
thermal VLISM electrons and protons, showing that the collisional mean free path
is very large with the implication that PUIs are not equlibrated with the thermal
VLISM on scales of less than 75 AU. PUIs are scattered by both in situ and selfexcited magnetic field fluctuations and therefore experience pitch angle scattering.
As was presented in chapter 2, a collisionless Chapman-Enskog expansion shows that
PUIs can be described by an isotropic pressure, Pp , stress tensor, Πp , and heat flux
qp , given by

P p = Pp I + Π p ,



 1 0 0


Πp = 
 0 1 0


0 0 −2





 ηk` ∂Uk ∂U` 2 ∂Um

+
− δk`
,
 2
∂x`
∂xk 3 ∂xm



1
qp (x, t) = − Kp .OPp ,
2

(7.1)

(7.2)

(7.3)

where Πp is the stress tensor (i.e., collisionless viscosity) and Kp the diffusion coefficient (i.e., collisionless heat flux). The inclusion of Πp and Kp is due to the nearly
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non-isotropic PUI distribution. Here, Pp is the PUI isotropic pressure, η is the PUI
viscosity and U is the bulk flow velocity.
Consider now the thermal VLISM electrons and protons, and assume both
have a nearly Maxwellian distribution. The collisional streaming or frictional time
scale for a charged particle “a” colliding with a stationary background population of
charged particles “b” is given by (e.g., [92])

(τsab )−1 =

ma Ta G(xb )
nb qa2 qb2 lnΛ mb
(1 +
)
,
2 2 3
2π0 ma VT a ma
mb Tb xa

(7.4)

where G(x) is the Chandrasekhar function,

G(x) ≡

f (x) − xf 0 (x)
,
2x2

(7.5)

xa/b ≡ v/VT a/b and f (x) is the error function. The n, q, m, and T for particles a
and b denote number density, charge, mass, and temperature, respectively. VT a/b =
q
2KB Ta/b m−1
a/b is the thermal speed, KB is Boltzmann’s constant, and ln Λ is the
Coulomb logarithm.
The VLISM is generally assumed to be collisionally equilibrated, with electrons
and protons having the same temperature of about 7500 K [40]. The electron and
proton thermal speeds are 477 km s−1 and 11 km s−1 , respectively. The Voyager
1 magnetometer measured the magnetic field magnitude upstream of the VLISM
shock to be about 0.38 nT [95]. Based on electron plasma oscillations observed in
the vicinity of the 2012 VLISM shock, the electron density upstream of the shock is

168

Figure 7.1: The ss, ee, es, and se collisional time-scales for the thermal VLISM
plasma. Note that these collisional time scales do not apply to PUI collisional interactions with the thermal plasma.

about 0.06 cm−3 [96, 196]. For these parameters, we can evaluate the proton-proton
(ss), electron-electron (ee), electron-proton (es), and proton-electron (se) collisional
frictional time-scales and the mean free paths [92].
These are illustrated in fig. 7.1 which shows that the es and se collisional
time-scales are constant and independent of the velocity,

τ es = 1.5 × 105 s, λes = 0.47AU ;

τ se = 2.7 × 108 s, λse = 20.4AU,

(7.6)

where τ is the collisional time-scale and λ the mean free path. However, the associated
time-scales of the ee and ss collisions are not constant and depend on the velocity. The
collisional heat conduction and viscous coefficients depend on the collisional scattering
time scales, τs , (see for example §4.8 of [92]). Therefore, we need to estimate τs for
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ss and ee collisions and we approximate an appropriate collisional time, < τs > as
follows. The coefficient of viscosity, η, can be estimated as Zank et al. (2014) [114]

4π
η≡
3

Z

c2 τs f0 mc2 dc,

(7.7)

where c = v − U is the random velocity. τsee and τsss can be approximated as 5th
degree polynomial curves from Figure 7.1 and f0 is a Maxwellian distribution. We
take the integral from 0 to 2.5VT to calculate the viscosity coefficient, η, associated
with ee and ss collisions. Using the pressure upstream of the VLISM shock and the
relation η ' P < τs >, we derive the most probable estimates

τ ss = 4.2 × 106 s, λss = 0.31AU ;

τ ee = 7.5 × 104 s, λee = 0.24AU.

(7.8)

The heliosphere is a collisionless environment which means the Coulomb collision time scale is much larger than any relevant plasma time scale. However, the
VLISM is collisional with respect to the thermal plasma since the electron and proton
collisional mean free paths are very small compared to the almost featureless VLISM.
Therefore, dissipation terms such as thermal heat conduction, Kg , and viscosity, ηg ,
associated with the Coulomb collisions play a significant role in determining the structure of the VLISM shocks. The heat conduction and viscosity coefficients associated
with electrons and protons are defined as (for more details see [92] pages 159 − 161)

K e = 3.16

kB Te τe
,
me
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K s = 3.9

kB Ts τs
;
ms

(7.9)

η e = 0.73ne KB Te τe ,

7.3

η s = 0.96ns KB Ts τs .

(7.10)

VLISM Shock Structure

To describe shock waves in the VLISM, we need ideally to consider a multi-fluid
system of equations for thermal electrons, protons, and non-thermal PUIs. Solving
such a system of equations is complicated but we can reduce the model to a singlefluid-like system of equations while retaining the effects of an equilibrated thermal
plasma and non-equilibration with the PUI components. Since PUIs are not equilibrated with the background plasma in the VLISM [27, 114], they should be treated
as a separate pressure component, Pp , in the system. Taking into account that the
bulk flow speed is dominated by protons and the electron mass is much smaller than
the proton mass (details in [114] and [65, 128]), we can introduce the total density
ρ = me ne + ms ns , where the number density, ns , includes both thermal protons and
PUIs. The thermal gas pressure, Pg , contains both thermal proton and electron contributions, Pg = Pe +Ps = ne KB Te +ns KB Ts . Here ne/s , Pe/s , and Te/s are the thermal
electron and proton number density, pressure, and temperature, respectively. The reduced single-fluid model comprises the continuity, momentum, and energy equations,
together with Maxwell0 s equations,

∂ρ
+ ∇ · (ρU) = 0;
∂t
∂U
+ U · ∇U) = −∇(Pg + Pp ) − ∇ · (Πp + Πg ) + J × B;
∂t
∂Pg
1
+ U · ∇Pg + γg Pg ∇ · U = ∇ · (Kg · ∇Pg ) − (γg − 1)Πg : (∇U);
∂t
3
ρ(
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(7.11)
(7.12)
(7.13)

∂Pp
1
+ U · ∇Pp + γp Pp ∇ · U = ∇ · (Kp · ∇Pp ) − (γp − 1)Πp : (∇U);
(7.14)
∂t
3


1
Pp
Pg
1 2
γp
γg
∂ 1 2
ρU +
+
+
B + ∇ · ( ρUU 2 +
Pp U +
Pg U
∂t 2
γp − 1 γg − 1 2µ0
2
γp − 1
γg − 1
+

1 2
1
1 Kp
1 Kg
B U − U · BB + Πp · U −
· ∇Pp + Πg · U −
· ∇Pg ) = 0;
µ0
µ0
γp − 1 3
γg − 1 3
(7.15)
E = −U × B;

∂B
= −∇ × E; µ0 J = ∇ × B; ∇ · B = 0.
∂t

(7.16)

B and E denote the magnetic and electric fields. We denote all quantities pertaining
to PUIs and thermal gas with the subscripts p and g. γg/p are the adiabatic indices
of the thermal plasma/PUIs. The collisional thermal plasma stress tensor and PUI
stress tensor in a one-dimensional form may be expressed as Πg/p = − 13 ηg/p

dUx
.
dx

Where ηg is the thermal collisional viscosity coefficient and ηp is the collisionless PUI
viscosity coefficient associated with magnetic fluctuations [114, 131] and is typically
assumed to be constant. Zank et al. (2014) [114] showed that ηp can be approximated
as ≈ Pp τs , in which τs is the scattering time scale.
Here, a one-dimensional, steady-state model in which all physical quantities
depend on the x Cartesian coordinate system is used. The 1-D background plasma
velocity and magnetic field are U = (Ux , 0, 0) and B = (0, 0, Bz ). The one dimensional
form of Equations (7.12) to (7.14) that includes both thermal gas viscosity and heat
conduction in normalized form is

2
γg Ms1

∂y
∂
∂Bz0
1
Kp ρ p ∂ 2 y
2
2
= − (Pg0 + P1 Pp0 ) − yB γg Ms1
Bz0
+ γg Ms1
(Schg + Schp
)
;
∂ x̄
∂ x̄
∂ x̄
3
Kg ρg ∂ x̄
(7.17)
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∂Pp0
∂y
1 Kp ∂ 2 Pp0 1
Kp ρp ∂y 2
0
2
yP1
+ γp Pp P1
= P1
Schp
( );
+ (γp − 1)γg Ms1
2
∂ x̄
∂ x̄
3 Kg ∂ x̄
3
Kg ρg ∂ x̄
y

∂Pg0
∂y
1 ∂ 2 Pg0 1
∂y 2
2
+ γg Pg0
=
(γ
−
1)γ
M
Sch
(
),
+
g
g
g
s1
∂ x̄
∂ x̄
3 ∂ x̄2
3
∂ x̄

(7.18)
(7.19)

2
2
where Ms1
= ρ1 Ux1
/γg Pg1 is the thermal gas Mach number of the flow, x̄ ≡ x/L,

L ≡ Kg /U1 , is distance normalized to the diffusion length scale, and Schg/p ≡
ηg/p /(ρ1g/p Kg/p ) is the Schmidt number of the thermal plasma/PUI. The inverse compression ratio is y = Ux /Ux1 and other normalized terms are defined as Pg0 = Pg /Pg1 ,
Pp0 = Pp /Pp1 , Bz0 = Bz /Bz1 , and P1 = Pp1 /Pg1 . The inverse square of the Alfvénic
−2
2
2
Mach number of the flow far upstream is expressed as yB = Bz1
/(ρ1 Ux1
µ0 ) = MAz0
.

Based on the thermal collisional term scales derived above from the expressions in Zank (2015) (pages 159-161) and Equations (7.9) to (7.10), the dominant
collisional terms in a collisional magnetized plasma can be estimated. The small
mass of electrons compared to protons means they do not contribute significantly to
either the thermal heat conduction or thermal viscosity. Proton-electron collisions are
negligible since the mean free path is very large compared to that of proton-proton
collisions. The dominant collisional terms derive from proton-proton collisions, and
the diffusion coefficient associated with proton-proton collisions, Kss , upstream of the
observed VLISM shock is calculated to be about 1015 m2 s−1 , the thermal viscosity
to be 2.5 × 10−8 kgm−1 s−1 , and the thermal Schmidt number is therefore about 0.25.
Energetic PUIs outside the heliosphere are generated by secondary charge exchange,
and their number density is very small in the VLISM (np ≈ 5 × 10−5 cm−3 ) [82]
and they therefore contribute a very small pressure compared to the thermal plasma
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(Pp1 /Pg1 ≈ 0.05). A characteristic value for the PUI heat conduction, Kp , in the
VLISM is ∼ 1014 m2 s−1 . The scattering timescale in the VLISM is very rapid since
magnetic turbulence fluctuations in the VLISM are very week [184]. The scattering
2
timescale is taken to be 3 × 2π × Ω−1
g , giving 5.17 × 10 s which gives a value for the

PUI viscosity, ηp , as ∼ 3.57 × 10−13 kg m−1 s−1 , making the PUI Schmidt number
about 10−3 . The PUI Schmidt number is much smaller than that of the thermal
gas (Schg >> Schp ). Thus, PUIs and the dissipation associated with them cannot
mediate the VLISM shock, as was shown by Mostafavi et al. (2017 a,b) [65, 128].
Consequently, we can neglect the PUI dissipation terms in favor of the corresponding
thermal gas terms. Unlike the HTS, PUIs will therefore behave adiabaticly and Pp ρ−γp
is constant through a broad VLISM shock, and the thermal gas will be heated preferentially. Recall that PUIs were predicted by Zank et al. (1996) [55] and observed [63]
to be heated preferentially at the HTS, with the thermal plasma component remaining relatively unheated. The physical process determining the structure of the HTS
and the VLISM shocks is therefore different.
To establish that we need to consider the collisional viscosity in the system, we
assume initially that the only dissipation term in the VLISM is the thermal heat flux
and we neglect thermal viscosity. The PUIs are assumed to behave adiabatically. The
1-D form of the perpendicular shock (i.e., U = (Ux , 0, 0), B = (0, 0, Bz )) structure
equation is a first-order ordinary differential equation

Ux1
M (y)
dy
= (γg − 1)
(y − 1)(y − yA )
,
dx
3Kg
N (y)
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(7.20)

where
(y 1−γp − 1)
1
1
1
(y − yA )2
M (y) = yA yB (1 − y) − (y + 1)(y − yA )2 + 2
2
2
Mp1 (γp − 1) (1 − y)
−

1
γg
(y −γp − 1)
1
γg
y
(y − yA )2 −
y(y − yA )2
(y − yA )2 +
2
2
γp Mp1 γg − 1 (1 − y)
(γg − 1)Ms1
γg − 1


1
γg
+yB (y − yA ) −
yB y(y + 1 − 2yA );
2 γg − 1
(7.21)
N (y) = (y − yA )3 − yB (1 − yA )2 −

1
(y − yA )3 y −γp −1 .
2
Mp1

(7.22)

Here y is the inverse compression ratio, yA and yB are the inverse Alfvénic
Mach numbers squared along the x and z directions, respectively. Mp1 is the PUI
Mach number of the flow. Equation (7.20) has two solutions. The first solution yields
smooth transitions from an upstream state to a downstream state. These solutions
represent the class of smoothed shocks mediated completely by the thermal gas heat
flux. The second set corresponds to double-valued solutions that are not physical,
and a smooth transition from upstream to downstream is impossible. In this case,
heat conduction associated with the thermal gas is not sufficient to smooth the shock
structure, and an extra thermal gas dissipation term (thermal viscosity) must be
−2
added to affect the shock transition. Figure 7.2 shows a plot of Ms1
as a function
2
of yB for the case of quasi-perpendicular shocks (yA = Bx2 /(ρ1 Ux1
µ0 ) → 0). The

diagram identifies the two regimes i.e., smoothed and a regime that requires a sub2
shock. The observed VLISM shock has the following parameters, Ms1
= 0.06, and

yB = 0.3, which shows that the VLISM shock is not in the smooth transition region.
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−2
Figure 7.2: Initial upstream values Ms1
plotted as a function of yB , for a quasiperpendicular shock. The two regimes for which there is a smooth transition or a
non-smooth (sub-shock) transition between the upstream and downstream states are
identified. Here, γp = γg = 5/3 and Pp1 /Pg1 = 0.05. The green star corresponds to
the parameters of the 2012 VLISM shock.

Therefore, thermal viscosity has to be added to ensure a smooth shock structure and
hence transition (see also [65, 128]).
We use the one-dimensional form of the model equations to determine the
structure of shocks in the VLISM, specifically the broad shock observed by Burlaga
et al. (2013) [95]. One second-order ordinary differential equation in normaized form
can be obtained from Equations (7.17) to (7.19) for the structure of the VLISM shock,

3
d2 y
2 +
Schg
dx

"

γp 1
2
γg Ms1

!
#
 γp +1
1
yB dy
9
1
− 1 − Schg y + 3
=
(1 − y)Z(y),
2
y
y dx
Schg Ms1
(7.23)
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where

Z(y) ≡

2 γg
Ms1


γg − 1
(γp − γg ) (1 − y 1−γp )
+1
(y −
) − 1 + P1 −
2
γg + 1
γg (γp − 1) (1 − y)


γg − 2
2 yB
−γg Ms1
−y
.
2y
γg

(7.24)

Equation (7.23) is the shock structure equation in the presence of both thermal gas
heat flux and viscosity. A related shock structure equation in the absence of the
viscosity term was investigated by Webb (1983) [127].

7.4

Simulation of the VLISM Shock

The angle between the shock normal and the magnetic field of the observed
2012 VLISM shock was 85 degrees which means the shock is highly perpendicular [95].
We assume the shock is perpendicular to model the 2012 VLISM shock. With the
parameters observed upstream of the VLISM shock, the sound speed is Cs1 = 14
km s−1 and the Alfvén speed is VA1 = 34 km s−1 (Cs < VA ). The magnetoacoustic
speed of the ambient medium is 36.7 km s−1 which is consistent with the estimated
magnetosonic speed given by Gurnett at al. (2013) [96], and yields a subcritical shock.
The plasma beta upstream of the VLISM shock, which is the ratio between thermal
gas pressure and magnetic field pressure, is about 0.2. Mellott (1985) showed that
a low beta, low magnetosonic Mach number perpendicular shock is a laminar shock
(see Fig. 1 of [197]). Burlaga et al. (2013) [95] found a weak jump of about 1.4 in the
magnetic field intensity at the shock of late 2012 and showed that Voyager 1 (which
is moving relative to the Sun at 17 km s−1 ) moved past the broad VLISM shock in
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about 8.7 days. There are no observations of the VLISM shock propagation speed
and therefore to simulate the VLISM shock we need to estimate a shock propagation
speed. Since a subcritical shock has a magnetosonic Mach number less than about
two, the upstream flow speed in the shock frame should be considered as less than 72
km s−1 and therefore, the shock speed in the stationary Sun frame should be less than
52 km s−1 (assuming the VLISM flows toward the Sun with a speed of 20 km s−1 ).
Kim et al. (2017) [198] used near-Earth solar wind data to model interplanetary shock
propagation beyond the HP with the Multi-Scale Fluid-Kinetic Simulation Suite (MSFLUKSS) code. Their simulation shows that the shock observed at the end of 2012
had a compression ratio of about 1.65 and a shock speed of about 50 km s−1 in a
frame in which the Sun is stationary (private communication with Dr. Tae Kim). For
our model, we adopt a shock speed of 40 km s−1 with respect to the stationary Sun.
The thickness of the VLISM shock is about 0.12 AU which corresponds to Voyager 1’s
traversal of the shock in 8.7 days. As noted by Burlaga et al (2013) [95] the thickness
of the VLISM shock is much greater than that expected for a shock with similar
properties in the solar wind at 1 AU. The VLISM proton-proton collisions upstream
of the observed shock give values of the thermal heat conduction length scale, K/U1 ,
and the viscous length scale, η/ρ1 U1 , of about 0.115 AU and 0.03 AU, respectively.
We use the following upstream parameters Ms1 = 4.17, yB = 0.31, Pp1 /Pg1 =
0.05, γp = γg = 5/3, and solve Equation (7.23) in the stationary frame of the shock
to model the VLISM shock. Figure 7.3(a) shows the inverse compression ratio as
a function of unnormalized distance (AU), being a smooth transition connecting the
upstream to the downstream state. Here the VLISM shock compression ratio is about
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(a)

(b)

Figure 7.3: (a): Inverse compression ratio as a function of unnormalized distance
(AU) showing that the shock is smoothed. (b): The unnormalized magnetic field
(nT) through the shock as a function of unnormalized distance (AU) showing a weak
compression in the magnetic field. Here γg = γp = 5/3, Pp1 /Pg1 = 0.05, yB = 0.31,
and Ms1 = 4.17.
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1.67. The shock thickness is about 0.12 AU and is determined by proton-proton
collisions. Figure 7.3(b) illustrates the change in magnetic field through the shock as
a function of unnormalized distance. The jump in magnetic field is consistent with
a weak shock. The normalized pressure as a function of unnormalized distance is
shown in the Figure 7.4. The shock is mediated by the thermal gas and magnetic
field pressure, which are the dominant components downstream of the shock. PUIs
do not contribute a large pressure through the shock. The fast magnetosonic Mach
number through the shock shows that the flow changes from supersonic to subsonic
Figure 7.5. Here one can see, because PUIs do not contribute a large pressure through
the shock, that the inclusion of PUIs in the sound speed (i.e., the long wavelength
sound speed =

p 2
ag + a2p ; [114]) does not change the magnetosonic Mach number

much and they are are essentially the same.
Voyager 1 observed that magnetic field increased by B2/B1 = 1.19, during
an interval of ∼ 40 days from day 341 to day 381, as shown in Figure 7.6. The
increase in magnetic field (B) was followed by a slow decline in B until at least day
700 in Figure 7.6, measured from the beginning of 2016 to 2017 day 365. The average
magnetic field strength during 2016 and 2017 was (0.43 ± 0.02) nT. The passage time
(width) of the 2017 pressure wave front was ∼ 40 days, which is too large to be a
collisional shock wave, since it was propagating in a medium with increasing density
(Gurnett et al. 2015 [100]). The collisional dissipation and mean free paths have
decreased slightly as the structure propagated into the VLISM with slowly increasing
density. The thickness of a collisional shock would therefore be much less than 40
days at this distance. Therefore, the possibility that the pressure wave is the remnant
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Figure 7.4: PUI, thermal gas, and magnetic pressure normalized to the thermal gas
pressure far upstream as a function of unnormalized distance (AU).

of a shock wave can be ruled out. Nevertheless, the pressure front might evolve into a
collisional shock, whose characteristics are determined by heat conduction [101]. The
origin and evolution of the pressure wave and the pressure wave front are not known.
Washimi et al. (2017) [195] estimated that during the period beginning in 2012 to
the end of 2016, the distance of heliosphere to the heliopause increased a few au per
year. The slow expansion of the heliopause because of the increase in the heliosphere
ram pressure might generate a pressure wave in the VLISM.
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Figure 7.5: The magnetosonic Mach number as a function of unnormalized distance
(AU). The thermal gas magnetosonic Mach number (blue line) and the combined
effective thermal gas and PUI magnetosonic Mach number (red line) show that the
flow changes from supersonic to subsonic.

7.5

Conclusions

Since the thermal proton and electron collisional mean free paths in the VLISM
are very small compared to the almost featureless VLISM, we conclude the VLISM is
a collisional environment with respect to the thermal plasma. The thermal collisions,
which are dominated by proton-proton collisions, yield thermal collisional dissipation terms (heat flux and viscosity). PUIs outside the heliosphere are generated by
secondary charge exchange and experience pitch angle scattering by magnetic fluctuations. They contribute a collisionless heat flux and collisionless viscosity (i.e.,
introduced by wave-particle interactions). However, we can neglect the PUI dissipa-
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Figure 7.6: A pressure wave or pressure front observed by Voyager 1 beginning at
the end of 2016, rising to a maximum 40 days later, and declining throughout the
rest of 2017. This figure is adapted from Burlaga et al. (2019).

tion terms because the PUI Schmidt number is small compared to the thermal gas
Schmidt number. We have shown that the dominant collisional term in the VLISM
is proton-proton collisions and thus the structure of the broad interstellar shocks observed by Voyager 1 is determined by interstellar proton-proton collisions. The 2012
VLISM shock is therefore the first in situ observed example of a classical collisional
subcritical shock, which means the shock structure is not controlled by wave-particle
interactions but by particle collisions. The weak shock is dominated by the magnetic field and thermal gas pressure whereas PUIs do not contribute a large pressure
through the shock transition. Both the thermal and the combined thermal-PUI fast
magnetosonic Mach number through the VLISM shock show that the flow changes
from supersonic to subsonic. The overall thickness of the shock transition is about
0.12AU , which corresponds to the VLISM heat conduction length scale. Entropy
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associated with the thermal gas is not constant and increases at the position of a
VLISM shock wave.
Voyager 1 observed a magnetic pressure wave front in the draped interstellar
magnetic field observed upwind of the HP, beginning on, 2016 day 341 and extending
through 2017. The magnetic field increased by a factor of 1.19 across the wave front
during an interval of about 40 days. The magnetic field strength behind the wave
front diminished nearly monotonically with increasing time throughout 2017. There
was no change in the direction of the magnetic field throughout the wave, which
extended to at least the end of 2017. The pressure wave was not the result of decay
of a collisional shock wave that might have been transmitted across the HP. More
likely, it resulted from a change in the position of the HP produced by conditions
within the heliosheath, although we did not observe these conditions. The origin and
evolution of this wave and the fluctuations are not yet known.
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CHAPTER 8

CONCLUSIONS

8.1

Introduction

Energetic particles (such as pickup ions (PUIs), anomalous cosmic rays (ACRs)
and solar energetic particles (SEPs)) are not usually equilibrated with the thermal
background plasma and can modify the structure of shock waves in the heliosphere
and the Very local interstellar medium (VLISM). Several observations of shocks in
the outer heliosphere, at the helisopheric termination shock (HTS), and in the inner
heliosheath (IHS) show that energetic particles cannot be neglected. The observed
large energetic particle pressure in these regions suggests that shocks propagating
through this region will be mediated by energetic particles and their characteristics
are likely different than expected from a simple MHD description. Energetic particles
introduce dissipation that can be described by a collisionless heat flux and a higherorder viscosity terms in the model equations.
This dissertation describes the results of studies that aimed to improve our
understanding of the structure of shock waves in the helisophere and the VLISM.
We incorporated collisionless dissipation terms into the system equations and derived
an equation that could describe the structure of shocks mediated by energetic ions.
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We also derived a model that can describe collisional shock waves that are mediated by thermal collisionality. Numerical simulations for the different shocks in the
helisophere and the VLISM were provided. We compared our models with several
observations made by spacecraft during the last few years, finding that we were able
to explain some hitherto poorly understood observations.
The results of this work further our understanding of the physics of shock waves
and are summarized in the following section. In the last section, we describe additional
descriptions that can be followed in future work to improve our understanding of shock
waves.

8.2

Overview of Results

This work focused on understanding several interesting problems about the
structure of shocks in the heliosphere and the VLISM. In Chapter 2, we derived an
energetic particle-mediated plasma model presented by Zank et al. (2014, 2016) [27,
114]. We showed that energetic particle such as SEPs and PUIs are not equalibrated
with the background plasma in the heliosphere and the VLISM. We derived a onefluid-like model with distinct equations of state for both the energetic particles and
background thermal gas. These set of equations were then used to study the structure
of shock waves in the Chapters 3-7.
In Chapter 3, we used the model derived in Chapter 2 to study the structure
of hydrodynamic shock waves in the absence of a magnetic field. We incorporated the
collisionless heat flux and viscosity in the hydrodynamic set of equations and showed
that the inclusion of both collisionless dissipation terms can completely determine
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the structure of collisionless shocks mediated by energetic ions. We compared our
model to the classical cosmic ray two-fluid model (Axford et al. (1982) [12]) and
showed that the presence of viscosity eliminates the need for a gas sub-shock. In
a particular parameter regime, three distinct sub-shocks can occur simultaneously
in the cosmic ray two-fluid model. Our energetic particle-mediated plasma model
showed that all three sub-shocks are eliminated in favor of a single smoothed transition
connecting upstream to downstream state. By considering parameters upstream of the
HTS observed by Voyager 2, we numerically simulated the HTS and showed that the
HTS is mediated by non-thermal PUIs and that the thermal gas remains relatively
cold, similar to what was observed by Voyager 2 [63]. We also derived a general
hydrodynamic model by considering different values of the dissipation coefficients
associated with both the energetic particles and thermal gas. It was shown that the
choice of the various viscosity and heat conduction parameters leads to preferentially
heating of one of the components. The results of this chapter were published in
Mostafavi et al. (2017 a,b) [65, 128].
In Chapter 4, we analyzed waves in the context of an energetic particlemediated plasma in the absence of a magnetic field. We first normalized the general
form of the energetic particle and thermal gas heat conduction-viscosity equations and
derived a general form of Burgers’ equation. We then derived the two-fluid dispersion
relation for fluctuations in a uniform flow. Our results showed that short wavelength
disturbances propagate at the thermal gas sound speed and long wavelength disturbances propagate at the combined sound speed that includes the energetic particle
pressure. In the last part of this chapter, we studied the stability of intermediate
187

wavelength modes in the presence of a shock wave. The results of this chapter were
published in the Appendices of Mostafavi et al. (2017 a) [65].
In the Chapter 5, we derived a general case that describes the structure of
collisionless oblique magnetized shocks mediated by energetic particles. A numerical
code was written to determine the general shock structure. The derived second-order
shock structure equation showed that the incorporation of both collisionless heat
flux and viscosity associated with energetic particles can completely determine the
structure of collisionless oblique shocks. We used our numerical code for parameters
appropriate to the HTS and compared our results with Voyager 2 observations. The
HTS simulation showed that the flow remains supersonic with respect to the thermal
gas downstream of the HTS. However, with the inclusion of PUIs, the transition from
the upstream to downstream state results in a supersonic-subsonic flow transition.
Thus, the HTS is mediated by PUIs and not by the thermal solar wind gas. Turbulence and instabilities in the outer heliosphere introduce rippling on the HTS surface.
We do not expect that the HTS will always be a quasi-perpendicular shock, being a
parallel in some regions and in general is an an oblique shock. This motivated us to
study different values of the HTS obliquity. We found that a parallel HTS is more
compressed and heats PUIs more compared to the background thermal gas than it
does at a perpendicular HTS. The results of this chapter were published in Mostafavi
et al. (2018) [76] and a section of Zank et al. (2018) [169].
An interplanetary shock propagating in the heliosphere will eventually collide
with the HTS. The collision leads to the generation and propagation of one or more
shock waves in the inner heliosheath (IHS). The existence of shock waves in the IHS
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motivated us to study their structure in Chapter 6. Voyager 2 observation showed
that the IHS is dominated by the pressure of energetic particles. We modeled IHS
shocks using our energetic particle-mediated plasma model and showed that they are
mediated by PUIs and only a very small percentage of the upstream solar wind flow
energy is converted to thermal gas heating downstream of the shock (similar to the
HTS). By calculating the diffusion length scale associated with PUIs, we showed that
the IHS shocks are broad and have a thickness measured in terms of this transition of
about 0.1-0.3 au depending on their speed in the IHS. We then considered the effects
of IHS shocks on the ENA flux obsereved at 1 au. The increased temperature of PUIs
in the IHS due to further shock heating in this region enhances the production of energetic neutral atoms (ENAs) via charge exchange between IHS PUIs and interstellar
neutral gas. The inclusion of IHS shocks leads to a predicted enhancement of the
ENA flux and better consistency with corresponding IBEX observations. The results
of this chapter were published in Mostafavi et al. (2019).
An interesting discovery made by Voyager 1 was to identify shock waves, almost certainly of heliospheric origin, in the VLISM. The observed VLISM shocks are
remarkable and have different properties and structure than heliospheric shocks. In
Chapter 7, we focused on VLISM shocks. The goal of this chapter was to develop a
theoretical explanation for the absence of structure of the VLISM shocks. We showed
that the VLISM is collisional with respect to the thermal plasma on scales of greater
than 0.1 au, unlike the heliosphere, and the thermal collisions introduce dissipative
terms such as heat conduction and viscosity. It transpires that the thickness of the
shock in the VLISM is due to the collisional dissipation of the thermal gas. The dom189

inant collisional term in the VLISM was found to be the proton-proton collisions. We
calculated the dissipation coefficients associated with PUIs in the VLISM and showed
that they do not introduce a significant pressure nor dissipation through the shock
transition. Therefore, we concluded that the VLISM shock is not mediated by PUIs.
We wrote a numerical code for the case of a collisional thermal gas and simulated
the 2012 VLISM shock. We showed that VLISM shocks are controlled by particle
collisions instead of wave-particle interactions. Their thickness is determined by the
VLISM heat conduction length scale associated with proton-proton collisions. In this
chapter, we also studied a pressure wave observed by Voyager 1 at the end of 2016.
The observed pressure wave was very broad with a thickness of about 40 days. The
broad structure, when combined with its distance from the HP, indicate that it is not
a collisional shock and it might be driven by the motion of the HP into the VLISM.
The results of this chapter were published in Mostafavi & Zank (2018 a,b) [101, 182]
and as a section of Burlaga et al. (2019).

8.3

Future Work

The results presented in this dissertation have provided useful understanding
of the shocks in the heliosphere and the VLISM. More research can be done in future
work to extend our current model. Our model was applied a general theoretical
study of steady-state shock structure, which was then applied to shocks in the outer
heliosphere, the HTS, the IHS, and interstellar medium. The steady-state model
means it is solved in the shock rest frame giving a time-independent model. The
important follow up would be to study the dynamical evolution of the shocks by
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writing a time-dependent code. A study of evolving time-dependent energetic particle
shocks propagating in the inhomogeneous solar wind, focusing on understanding the
strong, SEP mediated shocks observed by Lario et al. (2015b,a) and Russell et al.
(2013) [5, 31, 32] is an important and promising next step. Studying the dynamical
evolution and interaction of interplanetry shocks in the outer heliosphere is the next
priority. The Solar Wind Around Pluto (SWAP) instrument on New Horizon shows
that PUIs dominate the internal pressure [38, 44]. A time-dependent code based on a
multi-component plasma description will allow us to follow the propagation of shock
waves in the heliosphere and the VLISM. Shocks and pressure waves in the VLISM
observed by Voyager 1 need to be studied more carefully. A time-dependent code
will allow us to address the propagation of the interplanetary shock waves into the
LISM and the anticipated interaction with the HP and the LISM after a disturbance
is generated at the Sun.
A further improvement will be to extend the single-fluid-like model based
on that derived by Zank et al. (2014) [114], simplified initially by neglecting the
electron mass, and focusing on the steady-state problem. The application of the
multi-component model will be to investigate the rich class of stationary nonlinear
magnetic structures such as magnetic holes, sinusoids, humps, trains of holes and
humps, and sequences of merged holes and humps observed by Voyager 1 and 2 [78].
Such structures have not been observed elsewhere in the solar wind or in planetary
magnetosheaths, suggesting that PUIs may play a role in shaping these structures.
The PUI-mediated plasma model developed by Zank et al. (2014) may be viewed as
an extension to that of Avinash & Zank (2007) and Avinash et al. (2009) [121, 122].
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Besides investigating steady-state solutions to describe nonlinear magnetic structures,
one can also use perturbation techniques to obtain non-linear wave equations derived
from the multi-fluid model.
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APPENDICES
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APPENDIX A

NUMERICAL TECHNIQUES

In this appendix, we discuss the numerical techniques. We use the relaxation
method to solve the shock structure equations. Relaxation method uses the finite
difference discretization of differential equations. It solves a boundary-value problem
in which the values are specified on boundary of a domain and the goal is to compute
a solution on its interior. The method is an iterative method which iterate the initial
guess until the system of equations relax to a stable solution.

A.1

General Case

Here, we discuss the general case in the absent of magnetic field that includes
both thermal gas and PUI dissipation terms (section 3.3). The boundary quantities
can be calculated by solving the Rankine-Hugoniot conditions. The thermal gas does
not obey the adiabatic law and Pg ργg is not constant since it contains the dissipation
terms (viscosity and heat flux). The mass, momentum, and energy flux equations in
conservative form (in the absence of magnetic field) are

ρU = constant;
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(A.1)

4 dU
4 dU
ρU 2 + Pg + Pp − ηp
− ηg
= constant;
3 dx
3 dx
γg
γp
1 Kp dPp 1 Kg dPg 4
dU
1 3
ρU +
Pg U +
Pp U −
−
− ηp U
2
γg − 1
γp − 1
3 γp − 1 dx
3 γg − 1 dx
3
dx

(A.2)

(A.3)

4
dU
− ηg U
= constant.
3
dx
Equations (A.2) to (A.3) show that two equations and three unknowns (i.e.,
the inverse compression ratio, thermal gas and PUI pressure) exist. The conservative
form of equations can only specify the inverse compression ratio and total pressure
(Pg +Pp ), but it can not determine the ratio of PUI pressure and thermal gas pressure
at the downstream state separately. Since the relaxation method needs the boundary
conditions on the both sides, a numerical code has been written to determine Pg
and Pp downstream (i.e., Pp2 and Pg2 ). In our numerical code, an initial guess is
made for both Pp2 or Pg2 and then the system is iterated. The pressure profile is
not stable for the downstream state because of the wrong guess, and for example
in Figure A.1(a), the downstream PUI pressure is greater than the initial guess.
The downstream pressures are changed in every step subject to the constraint that
Pg2 + Pp2 satisfies Equations (A.1) to (A.3) and the system is iterated until it reaches
a stable downstream state. Figure A.1(b) and Figure A.1(c) show two intermediate
steps as the downstream pressures changes, and Figure A.1(d) is the final step where
shock structure is stable.
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(a)

(b)

(c)

(d)

Figure A.1: PUI and thermal gas pressure normalized to the thermal gas pressure
far upstream. Here Kg , Kp > ηg , ηp ; γg = 5/3; γp = 5/3; Pp1 /Pg1 = 0.01, Ms1 = 5,
ηp = ηg , and Kp = 10Kg . (a)-(d) show the intermediate steps in the changing
downstream pressures as the numerical solution converges to a stable shock structure.
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